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Zusammenfassung
DNA-basierte Selbstorganisation bietet hohe Genauigkeit und Robustheit für die Anord-
nung optisch aktiver Nanokomponenten in komplexe photonische Strukturen. Nanokompo-
nenten mit unterschiedlicher Zusammensetzung, GröBe und Form können zu wohldeﬁnierten
geometrischen Strukturen mit kontrollierten Orientierungen und Abständen zusammenge-
baut werden. Untersuchungen der Eigenschaften von selbstorganisierten photonischen
Nanostrukturen können neue Einsichten in die physikalischen Mechanismen der Licht-
Materie-Wechselwirkung liefern oder sogar neue Phänomene oﬀenbaren.
In dieser Arbeit demonstriere ich die Platzierung von optisch-aktiven Nanokomponen-
ten auf DNA-Vorlagen, reichend von individuellen DNA-Strukturen zu komplexeren drei-
dimensionalen DNA-Matrizen. Nanodiamanten (mit eingeschlossenen Stickstoﬀfehlstellen-
Farb-Zentren), kolloidale Quantenpunkte und Goldnanopartikel wurden in verschiedenen
Konﬁgurationen - Homodimere, Heterodimere, Heterotrimere und andere hybride Struk-
turen - zusammengebaut. Um dies zu erreichen habe ich neue Funktionalisierungsmethoden
entwickelt und existierende, eﬃziente Methoden optimiert, was eine hohe Anbindungsge-
nauigkeit ergab und gleichzeitig die optischen Eigenschaften der optischen Komponenten
erhielt. Um Nanopartikel in regulären Mustern in drei Dimensionen räumlich anzuordnen,
wurde eine dreieckige DNA-Origami-Struktur entworfen, die in ein rhomboedrisches Gitter
der GröBenordnung von 10 Mikrometern polymerisieren kann. Die groBe Einheitszelle von
1.8 × 105 nm3 erlaubt die Ko-Kristallisation von groBen Gastkomponenten. Elektronen-
mikroskopie und Kleinwinkelröntgenstreuung bestätigten den kristallinen Zusammenbau
der DNA-Origami-Strukturen und die erfolgreiche Inkorporation von Goldnanopartikeln
verschiedener GröBen.
Im GroBen und Ganzen bietet der Zusammenbau mit Hilfe von DNA-Vorlagen neue
Möglichkeiten um optische Komponenten im Nanobereich zu steuern. Weiter verbesserte
Zusammenbauqualität und Komplexität wird uns erlauben Energieübertragungsereignisse
die in nanophotonischen Netzwerken auftreten systematisch zu studieren und wird möglich-
erweise zu Anwendungen in Energie-“Harvesting”-Geräten und aktiven plasmonischen Scha-
ltkreisen führen.
xii Zusammenfassung
Abstract
DNA-based self-assembly oﬀers high accuracy and robustness to arrange optically active
nanocomponents into complex photonic structures. Nanocomponents of diﬀerent compo-
sitions, sizes, and shapes can be assembled into deﬁned geometries with controlled orienta-
tions and separations. Investigating the properties of self-assembled photonic nanostruc-
tures can provide new insights into the physical mechanisms of the light-matter interactions
or even reveal new phenomena.
In this thesis, I demonstrate the placement of optically-active nanocomponents on DNA
templates, from individual DNA structures to more complex three dimensional DNA matri-
ces. Nanodiamonds (with enclosed nitrogen-vacancy color centers), colloidal quantum dots,
and gold nanoparticles were assembled into diﬀerent conﬁgurations such as homodimers,
heterodimers, heterotrimers, and other hybrid structures. To achieve this, I developed new
and optimized existing eﬃcient functionalization methods which result in high binding ac-
curacy and at the same time preserve the optical properties of the optical components. To
spatially arrange nanoparticles in regular patterns in three dimensions, a triangular DNA
origami structure was designed that can polymerize into a rhombohedral lattices of tens of
micrometers in size. The large unit cell of 1.8 × 105 nm3 allows co-crystalization of large
guest components. Electron microscopy and small-angle X-ray scattering conﬁrmed the
crystalline assembly of DNA origamis and the successful incorporation of gold nanoparticles
of various sizes.
Overall, DNA-templated assembly provides new opportunities to operate optical com-
ponents in the nano-realm. Further improved assembly quality and complexity will allow
to systematically study energy transfer events occurring in nanophotonic networks and will
potentially lead to applications in energy harvesting devices and active plasmonics circuits.
xiv Abstract
Chapter 1
Nanomaterial fabrication
1.1 Introduction to nanotechnology
One nanometer (nm) is a unit length that equals to 1 × 10−9 m. One nanometer introduces
a length of approximately three gold atoms being arranged together.
Nanotechnology aims for devices miniaturization and new functions exploration using
nanoscale materials. It is a research subject containing two subjects: 1) the designing,
manufacturing and application of nanomaterials, and 2) the fundamental understanding of
the correlation of nanomaterial physical properties and material dimensions.[1]
Such a generalized description of nanotechnology indicates that nanotechnology is a
very interdisciplinary area, including - but not limited to - synthesis of semiconductor
nanoparticles, surface science, self-assembly, organic chemistry, polymer science, molecular
biology, biomacromolecules, as well as optical physics of nanoscale materials.
Nanotechnology is a recently developed research topic. People often attribute the con-
ceptual idea of nanotechnology to the lecture given by physicist Richard Feynman, “There’s
Plenty of Room at the Bottom”, at Caltech on December 29th 1959. In this talk, Richard
Feynman said, “I would like to describe a ﬁeld, in which little has been done, but in which
an enormous amount can be done in principle....What I want to talk about is the problem
of manipulating and controlling things on a small scale.”[2]
However, the time of people using nanomaterials dates back to a long time ago. For
example, the Lycurgus cup, a 4th-century Roman glass cage cup (Figure 1.1), shows dif-
ferent color under diﬀerent illumination. The cup exhibits a reddish color when light is
transmitted and greenish color when light is reﬂected from the glass. Further investiga-
tion found that such dichroic eﬀects is caused by gold and silver nanoparticles inside the
glass.[3]
Nonetheless, the determination of the term Nanotechnology has helped people to specify
the research topics in the ﬁeld, which facilitates the ﬁeld development. Another accelerator
for the nanotechnology ﬁeld is the improvement of analysis and measurement technologies.
In particular, there is a great advancement for the instrument for nanomaterial character-
ization, with better and better resolution and accuracy. For example, Scanning Tunneling
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Figure 1.1: The Lycurgus Cup in the British Museum frontlit (left) revealing reﬂected
greenish light and backlit (right) showing transmitted reddish light.
Microscope can have a 0.1 nm lateral resolution and 0.01 nm depth resolution. State-of-
the-art Transmission Electron Microscope (TEM) can reach atomic resolution, while the
resolution of Scanning Electron Microscope (SEM) can easily go down to 5 nm. Equipped
with cutting-edge instruments, researchers then can observe, measure, and manipulate
the materials on nanoscale and have a better understanding of corresponding eﬀects and
mechanisms.
The next questions will be, how to obtain nanomaterials in order to investigate their
properties. Such as the size eﬀects in the absorption and emission of photonic nanocrys-
tals, the distance dependent coupling of gold nanoparticles pairs, and the collective eﬀects
in a periodic assembly of photonic nanocrystals arrays. To date, mainly there are two
approaches, top-down and bottom-up, to prepare nanoscale materials. In the following
sections, these two approaches are introduced with several representative examples.
1.2 Top-down approaches 3
1.2 Top-down approaches
Top-down approach is a widely-used method for nanomaterial fabrication which relies on
the division of bulk materials, on the miniaturization of bulk fabrication processes, or
using external equipment assisted manipulation to create nanoscale materials or surface
patterns. In this section, using examples of ball-milling, atomic manipulation with STM
tip, and top-down lithography, a brief introduction of their basic ideas, working process,
advantages and disadvantages will be given.
1.2.1 Ball-milling
A representative method of top-down approach is mechanical attrition, for example, ball-
milling which uses the high-energy collision from the balls either to crush the bulk solids or
induce phase transition to produce nanostructured materials with an average particle size
down to several nm.[4] Mechanical attrition based ball milling have been a popular method
to prepare nanocrystalline materials because of its simplicity, the relatively inexpensive
equipment, and the possibility to scale up the production. However, sample prepared
from ball milling can be easily contaminated from the milling media. And it can only
be applicable for solid materials, mainly metal materials, metal oxides, and alloys and is
impossible to create materials of heterogeneity and complexity.
1.2.2 Scanning tunneling microscope
The invention of STM makes it possible to visualize the world down to its molecules and
atoms, and to directly observe the surface roughtness, defects, surface reactions, as well
as to manipulate atoms one by one. An extraordinary example is that in 1990, IBM
(International Business Machines Corporation) scientists used STM tips to move 35 xenon
atoms on nickel surface and spelled out the company logo, IBM.[5] However, for STM,
high resolution images often require stable setup and high technical skills, as the vibrations
from pumps, machinery, building movements may bring signiﬁcantly background signal.
Sometimes ultra high vacuum and low temperature are also essential. Moreover, the STM
does not measure material nuclear position directly but the electron density clouds on the
conductive sample surface. The electron clouds can represent the atom locations accurately
but not always. As the STM tip can manipulate atoms or molecules one by one, it also
means to scale up the surface patterning will be time-consuming.
1.2.3 Lithography
To date, semiconductor lithography is the main process to create integrated circuits for
device miniaturization. The lithography process in integrated circuit fabrication can be
approximated in three steps. First, deposition of a uniform ﬁlm of material on the wafer,
which includes chemical vapor deposition of insulating ﬁlms, plasma deposited and sput-
4 1. Nanomaterial fabrication
tered deposited ﬁlms, and evaporated metal ﬁlms. Second, lithography to create an image
of the pattern. And third, etch to transfer the pattern to the wafer.
One particular application of lithography is to create noble metal nanostructures to
investigate the phenomenon like coupling or ﬁeld enhancement of localized surface plasmon
resonance (LSPR). LSPR is highly dependent on the size, shape, and dielectric properties
of the metamaterials and the surrounding environment. Using lithography, the ability to
prepare diﬀerent metamaterial assembly allows to exploit the theoretical predictions and
experimental realizations on plasmon-enhanced single molecular sensing, plasmon-exciton
interaction, Fano resonance, and plasmonic lens.[6][7][8][9]
In short, modern lithography provides a fast, low-cost approach for micro- and nanoscale
surface patterning. However, diﬀraction-limited resolution is a big barrier for smaller
nanostructures fabrication. In addition, lithography has a better control at planar nanos-
tructures but it remains challenging for three dimensional heterostructure manufacturing.
Also, lithography technique requires expensive setup, clean room, vacuum condition, and
critical working process. To study size- and distance- dependent eﬀect within a range of
one to ten nanometer, it is diﬃcult to achieve if using top-down lithography.
1.2.4 Challenges
In this section, three examples are given to brieﬂy show how top-down methods are used for
nanomaterials fabrication. In general, top-down methods requires proper setup to complete
the fabrication. The engineering process in general are complicated, expensive, and time-
consuming. However, despite of many disadvantages, top-down methods represent frontier
techniques and common used fabrication methods in industry.
It is believed that top-down method equipped with cutting-edge setup will keep increas-
ing their accuracy and resolution in industrial production and applications. For the par-
ticular goal of this thesis to arrange nanocomponents to investigate light-mater interaction
and energy transfer events, top-down methods has their limitation to build corresponding
photonic nanostructures and networks of nanodiamonds, quantum dots and gold nanopar-
ticles. An ideal method we aimed for should be simple, without external manipulation,
inexpensive, and accurate at single molecular level.
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1.3 Bottom-up approaches
In comparison to top-down, bottom-up methods serve as an alternative for nanomaterials
production starting from single atoms or molecules. Bottom-up methods have molecular-
level control of material compositions and structures thus hold possibilities to engineer
material functions at the molecular level. Materials construction process in bottom-up
manner is completed in a spontaneous reaction of atoms or molecules which allows to
produce ﬁnely tuned nanomaterials. Though sometimes external temperature control is
essential, bottom up methods usually do not require complicated setups. However, it does
require deep understanding of the individual molecular structures, stability, dynamic be-
haviors, interactions (covalent or non-covalent), bonding strength, and molecular responses
to environmental stimuli.
This section uses three examples to introduce bottom-up methods: colloidal nanopar-
ticles synthesis, nanoparticles (for example gold nanoparticles) self-assembly, and DNA
nanotechnology. Similar to the top-down approaches section, the basic ideas, working
process, advantages and disadvantages will be given. Because in this thesis DNA-based
self assembly are the main technique that used for templated assembly of nanoparticles,
DNA nanotechnology is listed as an independent section and some details of DNA-based
assembly will be introduced.
1.3.1 Colloidal gold nanoparticles
Figure 1.2: TEM images of lab synthesized spherical gold nanoparticles[10] with average
diameter 11.4 nm (STD: 1.3 nm). Figure repoduced from bachelor thesis of T. Fetter from
T. Liedl’s group. Scale bar is 50 nm.
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Figure 1.3: The theoretical prediction of scattering, absorption and extinction intensities
of diﬀerent sizes of gold spherical nanoparticles. Data were generated from online (visited
date: 1st, Feb. 2017) tool at http://nanocomposix.eu
So far chemical synthesis of diﬀerent sizes of gold nanoparticles are very well-established.
Protocols of gold nanoparticles synthesis can be easily found, such as citrate based two
solution methods for 10-15 nm gold nanoparticles (Figure 1.2) synthesis[11][10], seed me-
diated nanorods synthesis in the surfactant cetyltrimethylammonium bromide (CTAB)
solution[12][13]. Using the method of the citrate stabilized spherical gold nanoparticles, it
can produce about 150mL×10 nmol L−1 colloidal nanoparticles solution in one-shot synthe-
sis. In contrast, top down methods like ball-milling or lithography are not able to achieve
this scale with mass production. In addition, diﬀerent sizes of spherical gold nanoparticles
(from 5 to 100 nm) and aspect ratios of gold nanorods are commercially available from
Sigma-Aldrich and Nanoseedz. In fact, wet chemistry methods are now also able to synthe-
size other typed nanoparticles with good quality like triangular gold nanoplates[14], silver
nanocubes[15], and spherical or rod-shaped quantum dots[16][17][18].
Due to the facile synthesis and modiﬁcation and the tunable optical properties, gold
nanoparticles are the most accessible nanomaterials for chemical, optical, biological, and
self-assembly studies. Figure 1.3 shows a theoretical prediction of scattering and absorption
values of diﬀerent sizes of spherical gold nanoparticles. Such plasmonic properties is due to
the interaction of incident light with surface electrons of the gold nanoparticles, a dual eﬀect
of light absorption and scattering on nanoparticles. According to Mie theory[19][20][21],
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Figure 1.4: Nanoparticles assembly with diﬀerent ligands interaction and stimuli.
Reprinted with permission from American Chemical Society.[33]
both absorption and scattering values will increase when sizes become larger. For particles
less than 40 nm, absorption is the main contribution to extinction. When sizes get larger,
scattering begins to show up. When sizes are larger than 80 nm, the extinction value is
dominated mainly by scattering. Other shaped gold nanoparticles, like rod- or triangle-
shaped, have similar phenomenon but become complicated as it has several size parameters.
For spherical gold nanoparticles, their surface plasmon oscillation generates an enhanced
local ﬁeld in a small volume. In a particular case, when two spherical gold nanoparticles
are placed in close proximity, it creates a signiﬁcantly enhanced ﬁeld between two parti-
cles, in terms of “hotspot”. This nanoparticles size and distance dependent[22] eﬀect or
phenomenon results in series of theoretical and experimental studies[23] like photothermal
eﬀect[24], sensing[25], plasmon exciton interactions[26][27][28], enhancement or quench-
ing eﬀect to ﬂuorescent molecule placed in hotspot[29], and plasmonic chirality[30][31][32].
More detailed description can be found in section 2.3.
1.3.2 Nanoparticles self-assembly
Spontaneous organization of individual components into ordered structures deﬁnes an
ubiquitous nanotechnology technique of self-assembly. Several factors inﬂuence the self-
assembly process. First, one or diﬀerent kinds of components exist in the self-assembling
system. The components have the potential to interact with each other through a balance
of attractive and repulsive forces. To generate ordered structures, the interactions must
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be weak enough for reversible binding and strong enough to against the disruption forces
which prevent the assembly. In addition, the self-assembly environment, in solution or at
the interface, should allow required motion of the components to self-adjust the orientation
and complete the self-assembly process.[34]
When using nanoparticles as components, the nanoparticle-nanoparticle interactions
are deﬁned by the surface ligands.[35][36] First of all, during wet chemistry synthesis of
colloidal nanoparticles, ligands molecules are essential reactants. As when particle dimen-
sions reduce to nanoscale, small-size eﬀects associated with nanoparticles become more
pronounced and particles begin to have an increased surface energy, which render surface
atoms reactive and unstable. The important functions of ligands are to reduce the surface
energy by introducing steric or electrostatic repulsion eﬀect to prevent aggregation. More
importantly, if the introduced surface ligands have desired binding interactions, nanopar-
ticles then can be organized in certain assemblies, in a spontaneous way.[33][37]
Nanoparticles self-assembly enables the transition from amorphous aggregates to a pe-
riodic organized geometries. The periodic arranged nanoparticles then can exhibit distinct
collective eﬀects, which is diﬀerent from single nanoparticles and amorphous aggregates.
Figure 1.4 shows nanoparticles self-assembly based on diﬀerent interactions via diﬀerent
ligands. In principle, any kinds of interactive molecular pairs can be employed to mediate
nanoparticles assembly, as long as the molecular pairs can be functionalized to nanoparti-
cles in order to transfer the interaction between molecules to nanoparticles. Interactions
(Figure 1.4) that can be adopted include, but not limited to, host-guest recognition, hydro-
gen bonds, charge-charge attraction, coordinate bonds (by forming chelation using metal
ions and chelating molecules), dipole-dipole interaction, or complementary DNA strands
hybridization.
The key feature of these interactions is that they are all non-covalent weak bonds.
Nanoparticles functionalized with these molecular pairs can proceed the self-assembly under
thermodynamic equilibrium conditions. As mentioned above, the constant binding and un-
binding of free species to precursor allows new components to self-adjust their orientations
and positions. Eﬀective collision happens only when new components bind through a
certain number of cooperative non-covalent interactions. Eventually, the system free energy
is minimized and the self-assembly event is completed (Figure 1.5).[38][39][40][41]
To introduce directional interactions to surface isotropic nanoparticles, one kind of
ligands that attracted much attention is DNA.[25][42] The simple rule of complementary
DNA strands hybridize, tunable hybridizing strength via temperature, strands length and
sequence allows to introduce highly speciﬁc, orthogonal interactions design. The thiol-gold
bond has high bond energy and the chemistry of thiol residue labeled DNA oligos is very-
well developed and commercially available. DNA capped gold nanoparticles then serve as
basic building blocks that can crystallize into highly-ordered macroscopic assemblies.
Typically, spherical gold nanoparticles are fully covered with DNA oligonucleotides
via the covalent thiol-gold bonds. Diﬀerent bases of DNA spacers can be introduced to
vary the linkers length between the functional thiol group and the recognition sequences.
The sequence dependent hybridization of the DNA oligonucleotides at the recognition
sections then leads to the formation of densely-packed, 3D gold nanoparticle crystals. Using
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Figure 1.5: Weak interaction permits reversible association to self-adjust components po-
sitions. A, successful self-assembly requires a balance between attraction and repulsion.
B&C, schematic illustration of the essential diﬀerences between irreversible aggregation
and ordered self-assembly. D, ordered macromolecules assembly represents one compli-
cated self-assembly process in biological system. Copyright (2002) National Academy of
Sciences.[38]
this method, mainly Gang group and Mirkin group have developed diﬀerent nanoparticle
lattices with control over the particle-to-particle spacing and the lattice geometry.[43][44]
Usually, synchrotron-based small-angle X-ray scattering (SAXS) is used to monitor
the in situ phase behavior of the nanoparticles crystalline assembly (Figure 1.6). SAXS
speciﬁes on the small angles of 0.1 to 10° (2θ). According to Bragg’s law (Equation 1.1),
given an incident X-ray beam with certain wavelength of λ, lower angles allow to determine
larger d values.
2d sin θ = nλ (1.1)
In the nanoparticles crystal system, nanoparticles act as programmable atom equiva-
lents. The directional bonding interactions between nanoparticles are realized with DNA
base-pairing. The periodic arranged nanoparticles can have well deﬁned small-angle peaks
analogous to the diﬀraction peaks observed at wide angles for atomic crystals. The re-
construction from the diﬀraction pattern to three dimensional model can determine the
positions and geometries of spatially arranged nanoparticles. In addition, SAXS technique
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allows to analyze real time spacings in the nanoparticles assemblies in situ and is also
possible to characterize the reaction kinetics based time-resolved crystallography.[45][46]
The power of DNA-nanoparticles crystallization is that the parameters of building
blocks and the interactions among the building blocks are fully tunable (Figure 1.7). The
building blocks of nanoparticles can have diﬀerent sizes, shapes, and compositions. So
far, gold nanoparticles of various sizes, quantum dots, magnetic nanoparticles, proteins,
and hollow spherical nucleic acids spacers have been used as building blocks in lattice self-
assembly. DNA molecules that are attached to nanoparticles surface can have diﬀerent
length and binding energies. The ﬁne tuning of these parameters allow for more control
over the types of crystal lattice.[47][48][49][50][51]
Recently, Gang group reported lattices engineering through the nanoparticle-DNA
origami interactions, using DNA origami structures as spacers and nanoparticles as joints.
[52][53][54][55] Gold nanoparticles with corresponding shaped DNA origami structures were
mixed and slowly cooled down from 50 ◦C to room temperature. Here, the lattice geome-
tries were mainly determined by the shape of the DNA origami structures. As shown in
Figure 1.8, gold nanoparticle face-centred-cubic (FCC), body-centred-tetragonal (BCT),
simple cubic, and hexagonal lattices are generated by using origami structures of octahe-
dra, elongated square bipyramid, cubes, and prisms respectively.
One feature of surface ligands mediated assembly is that the building blocks are densely
packed via the ligand-ligand interactions. The connectivity inside the lattices is provided
by the building blocks and the surface ligands. Lattice engineering with several kinds of
nanocomponents have to be realized with diﬀerent surface ligands design. Nevertheless,
such precisely engineered nanoparticles superlattices can possess unique optical properties
due to the collective eﬀects of nanoparticles assembly.[56]
Besides DNA, diblock copolymer-mediated nanoparticles assembly can be another suit-
able substitution.[57] DNA-based assembly are carried out in aqueous solution, however,
polymer-mediated assembly can be in almost any kind of solvent from polar to non-polar.
The bonding interactions listed above like electrostatic, π-eﬀects, van der Waals forces, and
hydrophobic eﬀects can be all applied. Although polymer-mediated assembly has less pro-
grammability than DNA, the polymer price is cheaper. Using plasmonic components and
playing with solvent polarity can imitate the assembly of amphiphilic copolymers[58][59]
which can have further development and applications.
1.3 Bottom-up approaches 11
Figure 1.6: Schematic illustration of the gold nanoparticles lattices preparation and the
SAXS measurement. a, the assembly of DNA modiﬁed gold nanoparticles under a variety
of thermal conditions. b, detailed design of DNA linkages between nanoparticles. c,
representative electron microscopy images of nanoparticles and nanoparticles assemblies.
d, typical experimental measurement of the correlation between the melting proﬁle of the
aggregates and the internal structures as probed by in situ SAXS measurement. Reprinted
with permission from Nature Publishing Group.[43]
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Figure 1.7: Nanoparticle superlattice engineered with DNA. A, DNA mediated nanopar-
ticle superlattice with independent control of design parameters: particle size, lattice
paramters, and crystallographic symmetry. B, DNA linkage details. C-I, nanoparticle
lattice of diﬀerent geometries: fcc (C), bcc (D), hcp (E), CsCl (F), AlB2 (G), Cr3Si (H),
and Cs6C60 (I). Reprinted with permission from the American Association for the Ad-
vancement of Science.[47]
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Figure 1.8: DNA origami mediated nanoparticle lattices. a-d, DNA functionalized 10
nm gold nanoparticles bind diﬀerent types of DNA origamis at their respective vertices
via strands hybridization. For each lattice structure, X-ray scattering structure factor,
extracted from the 2D SAXS pattern and the proposed superlattice structures were given.
The experimental scattering proﬁle is in blue and the model ﬁtting is in red. The black
peaks mark the standard peak positions of the proposed lattice: face-centred-cubic (FCC)
by the octahedra (a3), body-centred-tetragonal (BCT) by elongated square bipyramid
(b3), simple cubic by the cubes (c3) and hexagonal by the prisms (d3). Reprinted with
permission from Nature Publishing Group.[55]
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1.3.3 DNA nanotechnology
In this section, a brief information of DNA double helix (duplex) will be given, followed by
an introduction to DNA nanotechnology, mainly on structural DNA nanotechnology and
their applications for templated assembly.
The double helix
Figure 1.9: X-ray diﬀraction photograph of a DNA ﬁber at high humidity and the Watson-
Crick model of B-DNA.[60]
A key element in the race towards the structure of DNA was the availability of the X-ray
diﬀraction photography of DNA ﬁbres.[61] Figure 1.9 shows the photograph 51 of B-form
DNA and the Watson-Crick model of DNA double helix. The photograph 51 of the X-ray
diﬀraction pattern contains most of the double helix makeup of natural DNA.[62][63][64]
In detail, the natural DNA is a double helical (duplex) structure (showing the X shape
in the diﬀraction pattern) formed by two hybridized complementary single strands. The
two strands in duplex are antiparallel, which means two strands run in opposite direction.
The base at the 5’ end of one strand is paired with the base at the 3’ end of the other.
In the most common B-form DNA, the duplex has a radius of 10 A˚ and a pitch of 34 A˚
containing 10.5 bases per helical turn. The stability forces are from both hydrogen bonds
of base-pairs (A to T, G to C) across the axis and the base-pairs stacking interactions
along the axis. As GC base-pair has three hydrogen bonds and AT has two, under same
conditions, DNA duplex with higher GC content have a higher melting temperature (Tm)
to dissociate two strands. In addition, higher salt concentrations (sodium or magnesium)
tend to stabilize the duplex and increase the Tm values. For other conformations of DNA
duplex of A-form and Z-form, the parameters can be found in Ref. [65].
DNA in a material world
The application of DNA in a material world is based on the speciﬁc interaction of DNA
base complementarity. Originally it is Ned Seeman who pioneered this ﬁeld. Back to
1980s, Ned Seeman found it is diﬃcult to crystalize some proteins for structural analysis.
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Figure 1.10: Left, an array of six-arm junctions connected together to form a three-
dimensional framework for guest molecules co-crystalization. Figure adapted from [66].
Right, self-assembly of branched DNA molecules into a two-dimensional framework.
He was inspired by a woodcut Depth to orient the guest proteins on a pre-assembled
periodic scaﬀold(Figure 1.10). At that time, Ned Seeman thought to use DNA to build
the framework.[66][67] As mentioned above, many features of DNA indicate that DNA is
indeed a suitable self-assembling material. For example, the speciﬁc interaction based on
the simple rule of complementary strands hybridizaition, the robust chemical modiﬁcation
at bases, 5’ or 3’ end, and phosphate backbones allowing to introduce functional residues
to render DNA to be conjugatable to other materials thus expand the research scope of
DNA-based assembly.[68]
The early eﬀorts from Ned Seeman’s lab include the branched DNA motifs which
are ﬂoppy but in principle can polymerize to diﬀerent directions[67][69][70], two double-
crossover motifs which aims to improve the bundle rigidity[71], and so on. In 1991, Ned
Seeman reported conceptually the ﬁrst three dimensional DNA cube structure.[72] The
later development of using unusual DNA motifs to build deﬁned shapes and arrangements
determines a new research ﬁeld in terms of Structural DNA Nanotechnology.[73][74][75][76]
In last three decades, DNA-based self-assembly has proven to be the most powerful
approach to assemble single DNA molecules to intricate objects.[77][78][79][80][81][82] The
assembling techniques for Structural DNA Nanotechnology mainly include DNA-tile, single-
stranded DNA bricks, and DNA origami (Figure 1.11). DNA-tile represents the earlier ef-
forts in DNA nanotechnology. In detail, it preassembles several short DNA oligonucleotides
into DNA-tile structures with deﬁned shape. The tile-tile interactions lead to a further
assembly of DNA-tiles to large structures. Very similar to the idea of DNA-tile based as-
sembly, single-stranded DNA bricks assemble complex structures directly from each single
stranded DNA strands. Instead of using only short stranded DNA oligonucleotides, DNA
origami is a molecular self-assembly technique in which a long single strand scaﬀold DNA
of thousands bases long (7k-8k bases), folds upon itself to a designed 2D or 3D nanoscale
structure in the range of several ten to several hundred nanometers. This is accomplished
by introducing interactions between diﬀerent segments of the scaﬀold with the help of
hundreds of short oligonucleotides. From the design perspective, one notable feature of
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Figure 1.11: An overview of three kinds of DNA assembling technique. a, DNA tile based
assembly. Several DNA strands are ﬁrstly assembled into DNA tiles with designed shapes.
The pre-assembled DNA tiles serve as basic building blocks for further assembly.[77] b,
Single-stranded DNA bricks. Here, each single-stranded DNA serve as one assembling unit
and assemble into complex two- or three dimensional DNA nanostructures.[82] c&d, DNA
origami. DNA origami assembly using several hundreds of short staple oligonucleotides
to introduce binding interactions between diﬀerent segments of a virus-based 7K-8K bases
long scaﬀolded DNA. The introduced interactions fold the scaﬀolded DNA to deﬁned two-
or three dimensional structures.[79][83][80] Reprinted with permission from Nature Pub-
lishing Group.
single-stranded DNA bricks assembly is that it usually has one crossover instead of double
crossover to connect the neighbouring helix. As DNA origami is the main structure used
in this thesis, a detailed description will be given in the following section.
DNA origami
As the epitome of structural DNA nanotechnology, scaﬀolded-DNA origami has a ﬁne
explanation for speciﬁc interaction of complementary DNA strands, as well as the co-
operative, programmable and the site-speciﬁc assembly.[79][80][84] The ﬁrst example of
this technique was shown in 2004 when William Shih et al. folded a 1669-bases long,
single-stranded DNA, accompanied by ﬁve 40-mer oligonucleotides, into a 20 nm diame-
ter octahedron structure.[85] In 2006, Paul Rothemund developed a versatile and simple
“one-pot”method for creating 2D nanoscale shapes, which is now known as scaﬀolded DNA
origami, by directly folding of a bacteriophage 7249-bases long single strand DNA with help
of over 200 short synthetic single strands of DNA to hold the scaﬀold in place.[79] The
generality of this method was further demonstrated by assembling diﬀerent shapes such
as squares, triangles, ﬁve-pointed stars and smiley faces. William Shih’s lab extended this
method to engineer 3D multi-layer DNA solid structures with precisely speciﬁed shapes
and greater complexity.[80] The latest report of reconﬁgurable DNA devices and assemblies
is a new binding design by shape-complementary as an alternative to base pairing.[86]
There are several advantages to choose DNA origami based nanostructures. First,
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Figure 1.12: A screenshot of six helices bundle design on caDNAno. Left window shows the
cross section of the six helices bunldes. Right window shows the two dimensional layout
of the scaﬀold and staple strands. The sequences and positions of each staple strands are
pre-deﬁned by the design.[89]
design principle and folding pathways of scaﬀolded-DNA origami has been well-understood.
Most likely, it is the cooperative assembly or synergistic eﬀect of hundred short staple oligos
that forces the 7k-8k virus-based single stranded DNA scaﬀold to predetermined monomeric
DNA nanostructures. The sequence and position of each staple strands are speciﬁcally
deﬁned for guest components addressable assembly. Second, scaﬀold-guided assembly with
densely packed helix create solid DNA structure with great rigidity.[87][88] Third, up to
date, researchers have developed computer-aided design software caDNAno[89] and online
tool CanDo for design feedback[90], as well as an optimized set of work ﬂow, folding
programs[91], puriﬁcation protocols[92], and characterization methods for monomeric DNA
origami structures design and folding. Fourth, DNA origami polymerization towards bigger
structures has the potential to manufacture macroscopic functional devices while keeping
the precision from individual structures.[93][94] In addition, the modular assembly of DNA
origami polymerization enables designable interaction style and strength among single
objects. For example, previous reports have shown DNA origami polymerization on two-
dimensional level using sticky ends base-pairing or stacking interactions.[93][86]
The DNA origami structure design process can be carried out on the software caDNAno
(Figure 1.12).[89] Here, honeycomb lattice will be used as an example to introduce a general
workﬂow on caDNAno.
First, the target shape (here for example the six helices bundle) is approximated by
selecting only the scaﬀold path. If only aiming for monomeric structure without fur-
ther interests for origami polymerization, the “end”shape can be designed as shape non-
complementable. Second, the scaﬀold has to be interconnected as one circular strand as
currently most of scaﬀold strands are circular single stranded DNA. To check if the ap-
plied scaﬀold is circular, one can add the scaﬀold sequence to check if the sequence can
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be applied to all segments of scaﬀold, and if the scaﬀold is long enough for the whole
structure. Third, staples need to be broken manually into short staple strands with 18 to
50 bases. The staple strands can be generated accordingly on caDNAno. One suggested
rule for staple strands cutting is that, if it has two crossovers, the length of each segment
are better to be designed in a way of short-crossover-long-crossover-short(SLS), but not
long-crossover-short-crossover-long(LSL). This is based on one hypothesis that during the
annealing (often it is a ramp program), longer segments will bind ﬁrst. If LSL style is
used, the shorter middle segment might not hybridize properly to the scaﬀold.[95] In addi-
tion, one can try to use less crossovers for each staple, especially in the three dimensional
origami design. Staple strands at diﬀerent sections of the structure can be highlighted in
diﬀerent colors, which would help to sort them to diﬀerent groups. Fifth, leaving scaﬀold
loop empty (free of staple strands) or extending the sticky ends of the staples strands at
both ends can suﬃciently avoid blunt ends stacking induced aggregation. Finally, scaﬀold
sequence can be added again to export the excel ﬁle which contains the information of
staple strands such as sequence, length, oligo position.
Templated assemby
Figure 1.13: Templated assembly of gold nanoparticles on DNA nanostructures. a, DNA
tile based templated assembly for 5 nm and 10 nm gold nanoparticles.[96] b, tubular assem-
bly of gold nanoparticles on DNA tiles. The steric repulsion force among the nanoparticles
drive the DNA templates forming tubular structures with diﬀerent curvatures.[97] c, gold
nanoparticles row assembly on DNA bricks templates.[98] d, left-handed gold nanoparti-
cles chiral assemblies on 24 helices bundles.[32] Reprinted with permission from American
Chemical Society, the American Association for the Advancement of Science, and Nature
Publishing Group.
The realization of programmable DNA self-assembly permits the folding of designed
DNA nanostructures. In addition, DNA oligonuleotides that modiﬁed with diﬀerent chem-
ical groups enable the DNA nanostructures to be functionalized with other chemical
residues. These chemical residues can work as speciﬁc docking sites to attach functional
groups for various applications. So far, the functionalized DNA structures have been
used in super-resolution imaging[101], synthetic biological nanodevices[102][103][104], sin-
gle molecular biophysical studies[105], or as cargo carriers for biological and nanomedical
applications[106].
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Figure 1.14: DNA motifs polymerization. a, DNA duplex based triangular motifs crys-
tallize to a rhombohedral lattice purely made of DNA.[99] Figure adapted from the 3D
rendering of DNA crystal (PDB entry 3gbi) at https://pdb101.rcsb.org/motm/119. b,
cross-shaped DNA origami motifs polymerize to two dimensional lattices.[93] c, hexagonal
DNA origami motifs polymerize to two dimensional hexagonal pattern.[100] Reprinted with
permission from Nature Publishing Group, John Wiley and Sons, and American Chemical
Society.
The templated-assembly for metallic nanoparticles is one important research topic in
DNA nanotechnology.[32][96][97][98][107] Diﬀerent from packing nanoparticles into three
dimensional lattices, the site-speciﬁc positioning of nanoparticles on pre-assembled DNA
nanostructures have diﬀerent features. First, it is DNA template that provides the struc-
tural rigidity and connectivity. Nanoparticles are placed at selected positions on the DNA
structures. Direct nanoparticle-nanoparticle interactions are not necessary. Second, the
size of nanoparticles assemblies relies on size of the DNA templates. Also, the structural
quality and morphology of the templates are crucial to determine the nature of nanoparti-
cles assemblies. Third, the assembly of guest nanoparticles on DNA templates may bring
new driving forces to assemble the DNA templates to new kinds shapes. As shown in
Figure 1.13 b, the steric repulsion eﬀects of the self-assembled gold nanoparticles force the
DNA tile based structures forming tubular assemblies. Figure 1.13 a&c give other exam-
ples of templated-assembly of gold nanoparticles with diﬀerent conﬁgurations. In addition
to the various assembly, Figure 1.13 d also gives a particular example of left-handed as-
sembly of gold nanoparticles on 24 helices bundle structures. Such chiral arranged gold
nanoparticles exhibit plasmonic chiral response at the visible range.[32]
On one hand, template-assembly gives more freedom to nanoparticles assembly. Sev-
eral kinds of nanoparticles can be spontaneously placed on the same DNA structures. On
the other hand, large scale arrangement of guest nanocomponents requires large DNA tem-
plates of high quality. To date, DNA self-assembly allows 1) the rational design of perfectly
deﬁned monomeric DNA nanostructures and 2) the precise tuning of monomer-monomer
interaction strenghs.[86][108][109] Polymerized individual DNA motifs in principle can cre-
ate large templates for the accommodation of guest components with high accuracy.
Figure 1.14 gives three examples of polymerized DNA motifs. Figure 1.14 a shows the
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three dimensional polymerization of duplex based triangular motif, while Figure 1.14 b&c
show two kinds of DNA origami design that can polymerize to micrometer-sized two dimen-
sional patterns. Here, the duplex DNA motif can polymerize into three dimensional crystal
but its limited cavity size prevents the templated assembly of guest nanocomponents. For
DNA origamis, they has enough space to accommodate nanoparticls but can grow to only
two-dimensional lattice. To achieve three dimensional arrangement of nanoparticles, the
individual DNA motifs should oﬀer enough space and can polymerize to three dimensions.
Aim for this, two diﬀerent origami designs are demonstrated in chapter 3.
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1.3.4 Challenges
Bottom-up approaches create nanomaterials from even smaller building blocks, as shown
here the colloidal nanoparticles synthesized from the precursors of corresponding metal
ion, colloidal nanoparticles assembly from the building blocks of single nanoparticles, and
DNA nanostructures built from individual DNA oligonucleotides. Potentially bottom-up
approaches are able to produce large amount of uniform nanomaterials in parallel and can
be cheaper than top-down approaches.
However, it is still diﬃcult to synthesize nanoparticles with outstanding quality con-
trol. For gold nanoparticles, although synthesis protocol of 10 to 15 nm spherical gold
nanoparticles are very standard, gold nanoparticles of other sizes, gold nanorods with per-
fect shape control are challenging. For other kinds of optically-active nanoparticles like
quantum dots, the optical properties are very sensitive to surface defects, material types,
and precursor purities. The method to arrange nanoparticle via self-assembly requires
ligands modiﬁcation. Low bond energy of ligands to nanoparticle, or low surface cover-
age of ligands on nanoparticle surface lead to low assembly yield or even nanoparticles
cluster. To solve these problems, nanoparticles surface chemistry and ligands chemistry
are needed to be systemically studied. In addition, ligands exchange induced surface de-
fects may also change the nanoparticles optical properties.[110] A better understanding of
structure-property correlation and ligands design can beneﬁt the nanoparticles assembly.
DNA nanostructures templated-assembly has been proven to be an accurate and con-
trollable assembling method. However, in order to position nanocomponents on DNA
nanostructures, they have to be modiﬁed with complementary DNA oligos (which can hy-
bridize to docking oligos on DNA nanostructures) or other dual-linkers to place them at
target positions. At the same time, these nanoobjects should also survive in the ionic solu-
tion (like 11 mM Mg2+) which is required to stabilize DNA nanostructures. In chapter 2,
more technical details will be described using the example of nanodiamonds, quantum dots,
and gold nanoparticles.
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1.4 Top-down meets bottom-up
If bottom-up methods can be combined wth top-down ones, it can integrate the advantages
of both methods. Therefore the fabrication could have molecular level accuracy and macro-
scopic control. One recent example comes from Paul Rothemund group. They positioned
discrete numbers of origami nanostructure carrying deﬁned numbers of subcomponents
(here Cy5) at the lithographically patterned binding sites. Top-down lithography can
prepare micrometer sized microcavities arrays. Bottom-up origami technique can position
ﬂuorescent molecules at molecular resolution. The power of this method was demonstrated
by reprinting Van Gogh’s The Starry Night which was approximated with 65,536 cavities
each having from zero to seven binding sites.[111]
Figure 1.15: DNA origami, binding sites for placement, and photonic crystal cavities
(PCC). a&b, triangular DNA origami folding with precisely positioned subcomponents
(Cy5). c, fabrication of a single binding site (red), within a passivation layer (blue), fol-
lowed by construction of a photonic crystal cavity (PCC) around it. d, diagram shows test
substrate for placement ﬁdelity (without PCCs), and the groups which mediate binding
(carboxylate), and non-binding (methyl). AFM images show binding sites before (left) and
after (right) placement. e, SEM of a PCC; a = 256 nm, r/a = 0.3, r1/a = 0.2, r2/a =
0.25, s = 0.22a. f, Low resolution PCC reﬂectance spectra (black) is compared to FDTD
prediction (red). Scale bars: b, 50 nm; d, 400 nm; e, 500 nm. Reprinted by permission
from Nature Publishing Group.[111]
Another example is from Peng Yin group. They used metallized DNA nanostruc-
tures (more details in subsection 1.3.3) as lithographic masks to pattern two-dimensional
nanomaterials.[112] Self-assembled DNA nanostructures serve as mask templates with de-
ﬁned shape, size and curvatures. Jin et. al. demonstrated the shape transfer from complex
DNA structures to graphene. Typically, hydrophilic DNA templates were ﬁrst deposited
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on graphene with the help of 1-pyrenemethylamine. Then DNA nanostructures were se-
lectively metallized with silver and gold. This metallization of the DNA template allows
the DNA template to survive the subsequent etching. After Ar/O2 plasma reactive ion
etching (RIE), unprotected region of graphene were removed and the spatial information
from self-assembled DNA templates were transferred to ﬁnal etched graphene products
after metal dissolution. Self-assembled DNA nanostructures can be designed and folded
with precisely prescribed shape. Using DNA nanostructures as masks allows to increase
the shape complexity of traditional lithographic processing. One of the key steps is to
metallize the DNA to survive the plasma etching. Given the unique electronic properties
of graphene, DNA masked fabrication strategy could help researchers to build electronic
circuits made of graphene.
For combined techniques of top-down and bottom-up, the diﬃculty is to ﬁnd a joint
where top-down and bottom up methods can meet and match. In this case, the placement of
self-assmbled nanostructures on a lithographically produced patterns is the most promising
option for large scale fabrication but with molecular level precision.
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Chapter 2
Nanoparticles self-assembly with
DNA
Structural DNA nanotechnology provides nanometre-scale control for bottom-up assembly
of nanocomponents, e.g. gold nanoparticles, with tailored physical properties.[32][107] Us-
ing DNA, we aim to construct nanophotonic networks using ﬂuorescent and plasmonic units
(such as ﬂuorescent nanodiamonds, colloidal quantum dots and gold nanoparticles). With
these assemblies we aim to study light-matter interactions, in particular energy transfer
along photonic networks.[113]
This chapter introduces the research work of surface modiﬁcation of nanodiamonds
(with exhibiting nitrogen-vacancy colour centres), colloidal quantum dots (CdSeS/ZnS),
and gold nanoparticles, as well as their self-assembly into deﬁned geometries on DNA
templates.
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2.1 Nanodiamonds
Due to their peculiar ﬂuorescence properties, nanodiamonds with enclosed nitrogen-vacancy
centers (N-V centers) represent a promising material for future developments in quan-
tum information processing such as magnetometry, sensing, quantum computing, quan-
tum cryptography and spintronics.[114] So far, however, research has focused on the
properties of individual N-V centers or groups of two centers that randomly gathered or
gold nanoparticles-nanodiamonds hybrid structure using AFM (atomic force microscope)
tip.[115][116] This project aims at the precise spatial organization of nanodiamonds on
DNA nanostructures. Such assemblies would allow for the systematic investigation of
spin-state exchange mechanisms of N-V centers arranged in complex patterns and pave
the way for quantum state simulator applications.
2.1.1 Introduction
N
V
a b c
Figure 2.1: a, schematic ﬁgure of nitrogen-vacancy(N-V) center. b, excited with 532 nm
laser, N-V center emit a characteristic zero-phonon line at 637nm accompanied by Stokes
and anti-Stokes phonon-sidebands. Measured by J. Lindlau from Alexander Ho¨gele group.
c, N-V pairs for room-temperature electron spins entanglement studies. Reprinted with
permission from Nature Publishing Group.[117]
Nanodiamonds are allotropes (sp3) of carbon and possess a series of distinct proper-
ties compared to other carbon-based materials. Their outstanding characteristics include
extreme hardness, high thermal conductivity, transparency at all optical wavelengths, bio-
compatibility, and chemical robustness.[118]
Pure diamond is an electric insulator while a doped diamond becomes a semiconductor
with a large bandgap (5.5 eV at room temperature). Doped impurities can additionally
create optically active defects - also called color centers - within the diamonds, a process
that usually involves ion implantation and annealing treatment at high temperature. Up
to 500 diﬀerent color centers associated with speciﬁc impurities have been identiﬁed and
many have been extensively studied with optical spectroscopy techniques.[119] In partic-
ular, if two adjacent positions in the atomic lattice of a nanodiamond are replaced, one
with nitrogen atom while the other with a vacancy, a nitrogen-vacancy (N-V) center is
formed (Figure 2.1). Under excitation with appropriate light sources, N-V centers can act
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as reliable single-photon sources where the emitted photons carry deﬁned spin information
related to the spin state of the N-V center. Owing to the relatively long coherence times,
N-V centers can be employed as optically addressable single spin storage and processing
entities which in turn provides the basis for quantum bit information processing.[117][120]
Due to the large bandgap of the surrounding crystalline diamond lattice, the excited pho-
tons can escape the nanodiamond without further scattering-related losses.
Because of these features, nanodiamonds, which were synthesized by detonation in
the 1960s, has come into focus again.[121] The widely used nanodiamonds production
method has been by detonation of TNT-hexogene mixtures during which nitrogen defects
are introduced.[122] Currently, researchers focus on nanodiamonds with enclosed N-V cen-
ters are exploring their potential in applications such as spintronics and quantum compu-
tation but also bio-imaging, drug delivery, gene transfer, and cancer therapy.[123]
For many of these applications a key question is: How can the surface of a nanodiamond
be tuned to realize its envisioned function? If the goal is to use nanodiamonds as drug
carriers, the drug of interest must be loaded onto the nanodiamonds by non-covalent or
covalent linkage. For nanodiamonds self-assembly on DNA nanostructures, functional
ligands need to attach to nanodiamonds. Because an eﬀective and reliable nanodiamond
surface modiﬁcation would help to manipulate and position it precisely, which would allow
to overcome a critical challenge in research dedicated to the optical characterization of
coupled N-V centers: the lack of control over their spatial arrangement.
State-of-the-art of nanodiamonds surface modiﬁcation
In this section, the preexisting methods for nanodiamond surface modiﬁcation and DNA-
nanodiamond conjugation are summarized. Nanodiamonds are sp3 allotrope of carbon
materials, due to their high surface energy, many residual groups such as hydroxyl, car-
boxyl, lactone, and ketone exist at the nanodiamonds surface and these groups provided
initial functional sites for further modiﬁcation (Figure 2.2).[124] The surface modiﬁcation
procedures can be divided in two main categories: dry methods and wet methods. The dry
methods usually employ gas plasma or high temperatures to remove the surface impurities
and embed functional radicals. On the other hand, the wet methods use mineral acids to
oxidize the surface and then further conjugate the oxidized surfaces with other groups by
non-covalent or covalent interaction.
The gas plasma that is used to active the nanodiamond surfaces in dry surroundings
is generally composed of hydrogen or halogens such as ﬂuoride or chloride.[125] Fluorines
groups can then be displaced by alkyl-lithium reagents, diamines, and amino acids. Oth-
ers have used ammonia or hydrogen sulﬁde to directly modify the surface. Takahashi et
al.[126] prepared hydrogen-terminated diamond by exposing the diamonds to microwave
hydrogen plasma and then aminated the surface using ammonia gas after chlorination. The
aminated sample was then immersed in a solution containing chloroform, succinyl chloride
and triethyl amine for carboxylation. The resulting carboxyl groups on the diamond sur-
face allows for a direact modiﬁcation with amide DNA. The Hamers group[127][128] used
a similar strategy but added a 10-carbon-spacer before attaching DNA. In their experi-
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Figure 2.2: Carboxylic groups presented on nanodiamonds surface (ND-COOH; green re-
gion) are starting groups for further ligands chemistry. Reprinted with permission from
Nature Publishing Group.[124]
ments, hydrogen terminated nanodiamonds were ﬁrstly photochemically reacted with a 10-
aminodec-1-ene whose amino were protected with triﬂuoroacetamide functional group. Af-
ter amino deprotected, primary amine was conjugated with a heterobifunctional crosslinker
(sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate) and ﬁnally reacted
with thiol-modiﬁed DNA to produce the DNA-modiﬁed diamond surface.
In most wet chemical methods, the nanodiamond surfaces were oxidized by liquid min-
eral acid or reduced by lithium aluminium hydride. Ushizawa et al.[129] oxidized the
diamond with a heated mixture of sulfuric acid and nitric acid (9:1) to achieve a car-
boxylated diamond surface. The resulting samples were successively treated with sodium
hydroxide, hydrogen chloride and washed with water. Then thionyl chloride was added to
prepare chlorocarbonyl-diamond. Finally, DNA was covalently immobilized onto the dia-
mond through esteriﬁed linkage. Chang group[130][131] used the same acid bath to treat
the nanodiamonds followed by coating with poly-L-lysine by charge interaction. To these
coatings, it was then possible to covalently attach proteins using heterobifunctional cross-
linker or to adsorb DNA via electrostatic coupling. Another kind of wet chemical method
to conjugate DNA and diamond was developed by the Kruger group.[132] They treated
nanodiamonds with reduction compounds, such as lithium aluminium hydride or borane
in tetrahydrofuran to reduce the carbonyl to hydroxyl. Then the hydroxylated diamond
surface was siliconized by (3-aminopropyl)trimethoxysilane (APS) to introduce primary
amino group. The aminoalkyl-terminated siliconized diamond was then suitable for many
reactions with amino acids, ester molecules, carboxylic molecules and alike reagents.
To summarize, nanodiamond surface modiﬁcation, gas plasma or acid oxidization or
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reductant reduction all aim to introduce versatile groups such as amino group, carboxylic
group for further functionalisation. Most reports used infrared, elements analysis to char-
acterize the products, which very few have showed TEM images of monodispersed nanodi-
amonds. Therefore a method to produce monodispersed nanodiamonds is very important
before positioning single nanodiamonds.
2.1.2 Modiﬁcation and assembly
The surface modiﬁcation of nanodiamonds was realized by “wrapping”the nanodiamonds
with denatured bovine serum albumin (BSA) that was functionalised with maleimide-
PEG3000-biotin (PEG: polyethylene glycol). The stabilizing forces include charge-charge
and hydrophobic interaction between negatively charged nanodiamonds surface and posi-
tively charged BSA backbones. Due to the steric eﬀect of PEG, the nanodiamonds become
highly dispersible in pH 8.4 TBE buﬀer even with 10 mM magnesium salt concentration.
The surface modiﬁcation was characterized by TEM, DLS (dynamic light scattering) and
zeta potential measurement. By choosing biotin-modiﬁed ends of DNA structures, the as-
sembly of biotin-nanodiamonds and DNA nanostructures was achieved with the help with
neutravidin. Neutravidin can bind four biotin molecules per molecule with high aﬃnity
and selectivity. Their multiple binding sites permits the avidin-biotin conjugation can be
used to bridge two biotinylated reagents.
Materials and methods
We received the nanodiamonds (ND) from our collaborating groups of Fedor Jelezko and
Tanja Weil at University of Ulm. The NDs were originally purchased from Van Moppes
SA, Switzerland which were produced by high pressure/high temperature method (HPHT).
This material contains approximately 200 ppm nitrogen, resulting 1-2 N-V centers per nan-
odiamond. To remove graphitic and organic impurities from the surface, NDs were boiled
in triacid mixture (sulfuric, hydrochloric and perchloric acids with volume ratio of 1:1:1).
The cleaning step to neutralize the surface was carried out via repeated centrifugation
(8 × 30 min at 5590 rcf). After each centrifugation step, the supernatant was discarded
and the sedimented pellet was resuspended in deionized water. After puriﬁcation, the
carboxylated NDs were lyophilised for further use.
In a typical experiment, 100 μL× 100 μmol L−1 native BSA solution in 0.5×TBE buﬀer
(pH 8.4) were mixed with 100 μL×10mol L−1 urea and stirred for 10-15min in a 2 mL Ep-
pendorf tube to prepare denatured bovine serum albumin (dBSA). Then, tris (2-carboxy-
ethyl) phosphine hydrochloride (TCEP, 50 μL × 100mmol L−1) were added to break the
dual thiol bonds and stirred for another 30 min. Subsequently, the mixture was transferred
into a big falcon tube with TBE buﬀer ﬁlled up to 10 mL. 12 mg maleimide-PEG3000-
biotin (PEG: polyethylene glycol) or 3 mg of maleimide-PEG750-methoxy (the ratio of
maleimide groups per thiol groups is >10) was added to cap the thiol groups (stiring for
3h). Then 0.5mg N-(2-aminoethyl)maleimide triﬂuoroacetate was applied to consume the
un-reacted thiol residues. Subsequently, 100 μL NDs (0.5mgmL−1, average size: 50 nm)
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were added and stirred overnight. dBSA-PEG modiﬁed NDs were puriﬁed by high speed
centrifugation at 4600 rcf for 30 min followed by two times washing with TBE buﬀer. NDs
labeled with functional groups like biotin were obtained.
Four kinds of DNA origami structures, 24 helix bundle (24HB), 14 helix bundle (14HB),
6 helix bundle (6HB), and two-layers sheet (2LS) labeled with biotin oigos at diﬀerent
positions were folded and puriﬁed via agarose gel. In detail, 5 nM of scaﬀold strand (7560
base-long scaﬀold for 2 layers sheet (2LS), 6HB and 24HB and 8634 base-long scaﬀold
for 14HB) with 50 nM of each staple oligonucleotide including 100 nM of biotin-labeled
anchor strands were mixed and folded in a 500 μL buﬀer containing 14mmol L−1 MgCl2
and 1×TE buﬀer (pH 8.2). The folding program is about 27 h: 15min at 65 ◦C, cooling to
58 ◦C with a cooling rate of −1 ◦C per 5min followed by cooling from 58 ◦C to 35 ◦C with
rate of −1 ◦C per 1 h and from 35 ◦C to 4 ◦C with rate of −1 ◦C per 5min.
Directly after folding without further puriﬁcation, excessive amounts of neutravidin (10
times more than biotin oligos) were added to prevent aggregation of the biotin-modiﬁed
ends of the DNA origami structures. Biotin-labeled oligonucleotides extending from the
DNA structures either at their ends or their sides served as anchor sites for neutravidin
molecules, each of which oﬀered four binding sites to biotin. The remaining unoccupied
biotin pockets were then used to conjugate biotin residues of the biotin-functionalised
FNDs (dBSA-PEG3000-biotin modiﬁed FNDs). To remove both excessive staple strands
and neutravidin, the modiﬁed 6HB/14HB/24HB/2LS were puriﬁed by 0.7 % agarose gel
electrophoresis after one day incubation at room temperature.
Results and dicussion
Figure 2.3 shows the surface modiﬁcation process and TEM images of nanodiamonds (NDs)
before and after surface modiﬁcation. Before surface functionalisation, nanodiamonds gath-
ered together in diﬀerent groups on the TEM grids (Figure 2.3 b). After surface functionali-
sation, due to the steric repulsion eﬀect of the grafted PEG(polyethylene glycol) chains, the
dBSA-PEG coated NDs were fully dispersed (Figure 2.3 c&d). When the grids fully cov-
ered with functionalised nanodiamonds using diﬀerent PEG(either PEG750 or PEG3000),
we observed diﬀerent surface-to-surface distances. NDs grafted with PEG3000 revealed a
surface-to-surface distance of 149 ± 37 nm while NDs modiﬁed with the shorter PEG750
molecules exhibited a shorter separation distance of 48 ± 12 nm. Dispersed NDs allowed
to measure the average diameter of NDs of 49 ± 14 nm. NDs were made from graphite
using high pressure high temperature technique with local condition of temperature at
approx.5000K and pressure at approx. 2000 atm. The produced NDs thus have no deﬁned
shape but do have rough uniform size distribution.[133]
Dynamic light scattering and Zeta potential measurement revealed size and surface
charge changes according to the surface modiﬁcation (Figure 2.4). The measurement was
carried out using a Malvern Zetasizer setup with picomolar concentrations of bare NDs and
dBSA-PEG3000-biotin-NDs in TBE buﬀer, respectively. DLS measurements were carried
out with NDs concentration of 0.2-0.3 nmol L−1 because low concentration is required
for light scattering measurement. We found that the hydrodynamic diameter of the NDs
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Figure 2.3: Nanodiamonds surface modiﬁcation using denatured bovine serum albumin.
a, dBSA-PEG-R (PEG: Polyethylene glycol, R: methoxy or biotin) is conjugated to the
nanodiamonds via charge and hydrophobic interactions. b, TEM images of bare nanodi-
amonds. Mainly clusters are observed before coating. c, TEM images of nanodiamonds
modiﬁed with dBSA-PEG750-methoxy. This coating results in perfect dispersion of the
nanodiamonds and an average surface-to-surface distance of 48 ± 12 nm. d, TEM images
of nanodiamonds modiﬁed with dBSA-PEG3000-biotin. The longer PEG chains increase
the observed average surface-to-surface distance to 149 ± 37 nm. Scale bars are 200 nm.
Reprinted with permission from American Chemical Society.
increased from 97.5 nm to 120.4 nm while the size distribution decreased from 124 nm to
107 nm (Full Width at Half Maximum, FWHM). Note that the hydrodynamic diameter
of the bare NDs or the dBSA-PEG3000-biotin-NDs shown here is not the actual size of
the particles alone. For example, the hydrodynamic diameter of dBSA-PEG3000-biotin-
NDs is rather the size of NDs plus the length of attached (coiled) PEG3000 and layers of
solvent molecules (here TBE buﬀer) adhered to the surface of the particles. The surface
potential increased from −28.2mV to −7.8mV with modiﬁcation using dBSA-PEG3000-
biotin, which indicates that charge interactions contribute to the surface modiﬁcation with
the positively charged BSA backbone partially neutralizing the negatively charged ND
surface. Also hydrophobic interactions between the lipophilic amino acid sequences of
dBSA and the surface of the NDs are likely to stabilize the conjugates.
The FT-IR measurement of NDs further supported our successful functionalisation
(Figure 2.5). The FT-IR spectra of the KBr pellets were recorded with a FT-IR spectrom-
eter Perkin Elmer Spectrum 2000. The dried bare and modiﬁed NDs were mixed with KBr
powder and pressed into pellets, which were then placed in an IR cell. After background
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Figure 2.4: Dynamic light scattering measurement of size and surface charge changes
according to ND modiﬁcation.
substraction using pure KBr pellet, compare to unmodiﬁed NDs, the dBSA-PEG-NDs
showed signiﬁcant signal at 2916 cm-1, 2849 cm-1 and 2351 cm-1 corresponding to the sym-
metric, non-symmetric stretching and scissoring vibration mode of C-H from methylene
( -CH2- ) of PEG molecules, respectively, 1653 cm-1 and 1541 cm-1 corresponding to the
amide I and amide II modes of the polypeptide backbone and 1101 cm-1 corresponding to
the C-N stretch vibration of peptide backbones and C-O stretch vibration of PEG.
Before the spatial arrangement of functionalised NDs on DNA origami, a crucial ques-
tion is to obtain the nanoparticles concentrations of NDs. Because proper stoichiometric
ratio of NDs to DNA origami is essential to avoid cluster and error assemblies. Figure 2.6
shows the UV-Vis absorption measurement of non-ﬂuorescent NDs (black) and ﬂuorescent
NDs (red) using Nanodrop (ND-1000 spectrophotometer). The inserted photo shows two
tubes, one with non-ﬂuorescent and the other one with ﬂuorescent NDs at same concen-
tration of 0.25mgmL−1 (size 50 nm). Under daylight, the non-ﬂuorescent NDs are much
darker than the ﬂuorescent NDs. The absorption curve (measured with a NanoDrop )
shows that in the ultraviolet range, the non-ﬂuorescent NDs have a higher absorption
intensities than the ﬂuorescent NDs. For ﬂuorescent NDs, due to the low absorption inten-
sities and absence of a speciﬁc absorption peak, it is diﬃcult to determine the concentration
of ﬂuorescent NDs. Therefore for each batch of ﬂuorescent NDs, orthogonal experimental
design are needed to optimize the ratio of FNDs and DNA origami structures for a better
assembly yield.
First, 6HB with neutravidin attached at both ends were chosen. Varying morphologies
were observed dependent on the ratio of the mixed components. When excessive DNA
origami were added to functionalised NDs (Figure 2.7), star like assembly with NDs at the
center, 6HB sticking out were formed. Dimer assemblies of multiple 6HB linked two NDs
were also observed on TEM grids. In contrast, if an excess of FNDs was added, many
unbound FNDs were found on the TEM grids. By ﬁne-tuning the ratio of biotin-FNDs
and DNA origami structures for each batch of FNDs, I was able to approximate the rough
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Figure 2.5: The FT-IR spectra of NDs and dBSA-PEG modiﬁed NDs.
concentration of NDs for each single batch. I then performed the general assembly of
NDs on four eﬀective DNA origami structures: 6HB (428 nm long), 14HB (210 nm long),
24HB (100 nm long), and a 2-layered sheet (50 nm × 50 nm) (Figure 2.8). TEM analysis
conﬁrmed the eﬃcient control over the separation distances of FNDs dimers: 96 ± 45 nm
for 24HB, 208 ± 59 nm for 14HB, and 361 ± 84 nm for 6HB. Especially for the relatively
ﬂexible 6HB that consist only of six parallel helix and exhibits a persistence length of
only 2 μm[87], the deviation of the measured separation distance from the nominal length
is striking. As a result of the ﬂexibility, many of these DNA tubes adsorb on the TEM
grid in bent conﬁgurations that have shorter end-to-end distances than a fully stretched
bundle. Another factor that may contribute to the deviations is the ﬂexible PEG-linkage
that connects the FNDs to the DNA constructs.
As DNA origami allows the formation of virtually any 3D geometry, the spatial orga-
nization of FNDs is not limited to dimer assemblies. Figure 2.8 also shows FNDs arranged
in a triangle and an irregular tetrahedron, respectively. For these geometries, either three
or four binding sites were oﬀered at the edges of the 2-layered sheet. Electron microscopy
revealed the successful assembly of the desired clusters. Note that the three-dimensionality
of the tetrahedron is lost due to the ﬂattening of the structures during adsorption to the
EM grid.
To conﬁrm surface modiﬁcation will not inﬂuence the photolumenescent properties of
N-V color centers, we explored the optical properties of the self-assembled FND dimers
containing N-V centers in a confocal micro-ﬂuorescence spectroscopy setup under ambient
conditions. A representative color-coded ﬂuorescence intensity map of spatially dispersed
FND dimer nanostructures (6HBs) on quartz is shown in Figure 2.9. The map was recorded
with diﬀraction-limited confocal excitation at 532 nm and collection above 575 nm by raster
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Figure 2.6: UV-Vis absorption measurement of non-ﬂuorescent NDs (black) and ﬂuorescent
NDs (red) at the same concentration of 0.25mgmL−1.
 
Figure 2.7: TEM images of dBSA-PEG3000-biotin modiﬁed FNDs assembled with exces-
sive 6HB origami. Scale bars are 200 nm.
scanning the sample with respect to the focal spot (FWHM spot size of about 370 nm).
Several FND dimer assemblies appear as ﬂuorescence hotspots pairs in the map. Separate
FND constituents were resolved as shown in Figure 2.9 b&c. High-resolution maps of FND
dimers exhibited a separation distance of 451 and 406 nm, which is well within the limits
of an expected maximum center-to-center distance of 476 nm: length of 6HB plus radius
of coated FND (428+48 nm).
Figure 2.9 d shows a typical spectrum of an FND assembled on DNA origami (red trace).
It exhibits spectral characteristics of negatively charged NV color centers in diamond with
a noticeable zero-photon line at 637 nm (NV-) accompanied by Stokes and anti-Stokes
phononsidebands. For comparison, we also present typical spectra of a bare (upper gray
trace) and a dBSA-PEG3000-biotin-modiﬁed (lower gray trace) FND. All spectra exhibit
the same features indicating that the ﬂuorescence properties of FNDs are robust against
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Figure 2.8: Self-assembly of nanodiamonds with DNA origami of 24 helix bundle(24HB),
14 helix bundle(14HB), 6 helix bundle(6HB), and two-layers sheet(2LS). Scale bars are
100 nm. Reprinted with permission from American Chemical Society.
the dBSA-PEG modiﬁcation and the DNA assembly procedures. Extra measurement of
the time trace of the multi-channel ﬂuorescence spectrum shows no signiﬁcant ﬂuctuations
in the ﬂuorescence intensity or in the spectral proﬁle over 150 s.[134]
2.1.3 Summary
In conclusion, we have successfully realized nanoscale positioning of NDs containing ﬂuores-
cent N-V centers by DNA self-assembly in diﬀerent geometries. Bioconjugation betweeen
FNDs and DNA could be accomplished by a biotin-labeled biopolymer surface coating de-
rived from the plasma protein BSA that imparts high colloidal stability to the FND. This
approach oﬀers the possibility to introduce many diﬀerent modiﬁcations at the same time
by attaching the desired end groups to the PEG molecules, as demonstrated herein for bi-
otin. Moreover, using DNA origami, FNDs could be arranged in nanoscale geometries with
other optically active nanoparticles. Fluorescence measurement certiﬁed that our method
does not alter the optical properties of the N-V centers. Since these lattice defects exhibit
excellent photostability and remarkably long electron spin coherence times for eﬃcient spin
manipulation by optical means, site-speciﬁc arrangement of FNDs would ultimately allow
investigating the coherent coupling of N-V centers assembled in pairs and extended arrays
or lattices, which is a step towards the realization of scalable quantum processors and
simulators. Before this goal can be approached with the method presented here, however,
thinner coating layers for the FNDS have to be developed and the positioning accuracy
has to be improved.
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Figure 2.9: Optical analysis of DNA origami-assembled ﬂuorescent NDs. a, color-coded
confocal ﬂuorescence map of ND dimers on 6 helix bundle. The dimer assemblies appear
as pairs or individual ﬂuorescence hotspots in the confocal map. Scale bar is 2 μm. b&c,
zoom-in on ND dimers with corresponding line scans ﬁtted with two gaussians. Scale bar is
400 nm. d, ﬂuorescence spectrum of a bare ND, dBSA-PEG3000-biotin-modiﬁed ND (gray
traces) and self-assembled ND on DNA origami (red trace). The spectra are oﬀset for clarity
to highlight the characteristics of negatively charged N-V center ﬂuorescence, which was
unaﬀected by our procedures. Reprinted with permission from American Chemical Society.
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2.2 Quantum dots
Colloidal quantum dots with tunable sizes, composition and core/shell design are another
promising candidates to investigate the energy transfer among the self-assembled quantum
emitters. In this section, three surface functionalization methods for QDs and QDs self-
assembly on DNA origami templates are demonstrated.
2.2.1 Introduction
Figure 2.10: Size-tunable ﬂuorescence spectra of CdSe quantum dots (A), and illustration
of the relative particle sizes (B). From left to right, the particle diameters are 2.1 nm, 2.5
nm, 2.9 nm, 4.7 nm, and 7.5 nm. Reproduced from Ref. [135] with permission from the
Royal Society of Chemistry.
Colloidal quantum dots (QDs) have a three-dimensional conﬁnement for charge carriers
(electrons and holes). In semiconductor material quantum dots, the absorption of a photon
leads to an excitation of an electron into the conduction band, leaving a hole behind in
the valence band. The recombination energy of the electron and the hole is emitted in
the form of a photon. The relationship between the band gap and the particle size can be
given by the Eﬀective mass approximation (also known as Brus equation).[136]
Eqd = Ebulk +
h¯2π2
2R2
{ 1
me
+ 1
mh
}
− 1.8e
2
4πξ0R
+ smallerterm (2.1)
Here, E is the band gap of the quantum dot, Eg is the band gap of the bulk material,
me and mh are the eﬀective masses for the electrons and holes in that quantum dot, h¯ is
the Planck’s constant, ξ0 is the permitivity of the free space, and R is the quantum dot
radius. According to the Brus equation (Equation 2.1), when size is reduced, band gap of
the quantum dots increases. In addition, the composition and shape of the quantum dots
will also dictate the energy state. In other words, the energy values of these states which
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Figure 2.11: The typical absorption and TEM images (in hexane) of core/shell quantum
dots CdSe/CdS/ZnS. Materials were obtained from Efrat Lifshitz group at Israel Institute
of Technology. Scale bars are 20 nm.
are dependent on the radius, shape, and composition imparts quantum dots with highly
tunable electronic and optical properties (Figure 2.10).
Top-down method like molecular beam epitaxy[137] can produce quantum dots with
a wide range of shapes and sizes directly incorporated into optoelectronic devices. Wet-
chemistry synthesis provides exceptional control over size, shape, core/shell design, and
monodispersity. So far, solvothermal methods synthesized colloidal quantum dots with
narrow size distribution (example can be found in Figure 2.11) have shown versatile ap-
plications in nano-optics, self-assembly, and biomolecular conjugation for cellular imaging
and labeling.[138]
In contrast to single QD alone, when QDs are placed in precisely deﬁned geometrical ar-
rangements they are expected to exhibit advanced electronic and photonic properties.[139]
This is because the physical properties, of geometrically arranged quantum dots networks,
are determined by both their inner electronic states and the energetic communication to
neighboring particles. The neighboring particles can be other types of quantum dots or
metallic nanoparticles. The desired collective eﬀects of assembled QD-networks often do
not emerge in random QD clusters, but require that particles can be placed with speciﬁc or-
der. A range of applications can be envisioned for such systems. First, if dimers of QDs can
be precisely positioned it would allow for studying of distance dependent energy transfer,
which only happens if they are less than 5 nm apart.[140] Second, self-assembled quantum
dots in regular one- or two-dimensional patterns would be powerful tools to study energy
cascades between QDs and harvesting of light. In particular, sequentially aligned quantum
dots with diﬀerent band gap may broad absorption of the Sun’s spectrum, leading to higher
solar power conversion eﬃciencies in solar cells.[141] Third, due to the coherent interaction
of QDs and light, if QDs are arranged in a compact group they will emit light with a
greater intensity.[142] Fourth, Large-scale patterning of QDs with precise inner distance
can be used for data storage, processing, and communication of quantum information.[143]
While the beneﬁts of precise patterning of QDs are well understood, the challenge is to
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develop practical approaches that enables placement of particles with nanometer precision
and control over the order in which they appear. Using solvent evaporation methods, close-
packed QDs lattices can be constructed as if the sticking coeﬃcient and solvent evaporation
speed are low, QDs have time to ﬁnd their equilibrium position and form highly-ordered
QDs lattices.[144] The driving forces for this assembly process include geometrical packing
and a variety of other factors such as van der Waals attractions, ligand-ligand interactions,
capillary forces, electrostatic interactions, and kinetic factors. Thereby nanoparticle size,
shape, surface chemistry (ligands, ligands length, solubility) and QDs dispersing medium
have crucial inﬂuence in the geometries and quality of QDs lattices.[145] However, with
solvent evaporation methods, it is challenging to prepare hetero-structures of more than two
components. Furthermore, generation of ﬁnite-size assembly containing discrete numbers of
components, with control particle-particle distance, lattice geometry and boundary shape
is not currently possible.
DNA nanotechnology provides a bottom-up approach to arrange QDs at site-speciﬁc
positions. As mentioned above, usually colloidal QDs are synthesized in non-polar organic
solvents and stabilized with hydrophobic ligands which render the nanoparticle hydropho-
bic surfaces. To assemble QDs with aqueous soluble DNA origami, their hydrophobic
surface ligands have to be exchanged. In the following sections, the conjugation methods
of QDs-DNA for the addressable assembly will be introduced.
2.2.2 Direct conjugation of target molecules to QDs surface
The straight forward way of QDs surface modiﬁcation is to directly conjugate functional
group labeled DNA molecules to the present ligands on the QDs surface.
As mentioned above, most of the QDs are synthesized in non-aqueous solution organometal-
lic precursors. The capping ligands (like oleic acid (OA), octadecylamine (ODA), tri-
octylphosphine (TOP), or trioctylphosphine oxide (TOPO), Figure 2.12 a) are the key
parameter (concentration, chain length) to control the nucleation, rate of growth, particle
morphology and size distribution. Moreover, the ligands electronic structure and the inter-
action to QDs surface also contributes to the overall optical proﬁles of the the QDs. The
functional residues which interact with QDs surface atoms usually are the phosphine oxide
moiety, primary amines, carboxylic acid (acted like bidentate ligands), or thiol groups. For
example, the TOPO binds to the surface cadmium sites through the lone pairs of electrons
on the phosphine oxide moiety, forming dative bonds. In particular, thiol groups have
slightly higher binding energy (Table 2.1 [146]) to the Zn or Cd (the common materials for
QDs) compared to amine or carboxylic acids and can be used as phase transfer reagents
from non-polar to polar solution. However, the key limitation is the instability of monoden-
tate thiol (for example 3-mercaptopropionic acid (MPA)), where thiol ligands constantly
bind and unbind to QDs. Also, some thiolated molecules increase emission quenching after
phase transfer.[36][147]
If synthesizing in aqueous solution, according to the “like dissolves like”(in Latin Si-
milia similibus solventur), the hydrophilic ligands may include several oxygen, thiol, or
amine groups (or containing some of these). Some of these groups render the ligands wa-
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Table 2.1: Bond energy of metal-oxygen and metal-thiol of cadmium and zinc and the
comparison to gold.[146]
Metal-oxygen bond Bond energy(ΔH, kJ/mol) Metal-thiol bond
Bond energy
(ΔH, kJ/mol)
Au-O 221.8 Au-S 418
Cd-O 235.6 Cd-S 208.4
Zn-O 159 Zn-S 205
ter soluble, some act as ligands caping the QDs. The multiple functions of ligands may
distract their functions and inhibit the nucleation/growth and shape/size control. Besides,
oxygen molecules and protons (pH) in water are the additional factors to take into account.
All in all, reliable and robust quantum dots surface modiﬁcation without disturbing the
nanoparticle optical property is important to achieve the site-speciﬁc assembly.
Figure 2.12 shows two kinds of chemistry of direct linking DNA to the hydrophilic lig-
ands of QDs. Figure 2.12 b step 1 shows the ligands exchange and phase transfer using GSH
(glutathione) and labeled the QDs with amine groups. To conjugate DNA, we can use a
amine-to-sulfhydryl heterocrosslinker of EMCS (N-ξ-malemidocaproyl-oxysuccinimide es-
ter, step 2), where the NHS-ester group can conjugate to amino groups on QDs and the
maleimide reactive group can react with thiolated DNA oligos (step 3).[148] Figure 2.12 c
shows another direct conjugation using EDC/NHS coupling. Same to the GSH methods,
QDs are transfered to aqueous phase using MPA (3-mercaptopropionic acid, Figure 2.12 c
step 1), the thiol groups head inside to the QDs surface and carboxylic groups make the
QDs water soluble. DNA then can be conjugated to QDs via standard EDC/NHS coupling
(Figure 2.12 c step 2).
Figure 2.13 shows a typical agarose gel loaded with amino-DNA conjugated MPA-QDs
via EDC/NHS coupling. Control lane (the ﬁrst one from left, ctrl) with MPA stabilized
QDs already showed a smeared band. The second to fourth bands are amino-DNA con-
jugated MPA-QDs but with diﬀerent amount of EDC (1 mM, 5 mM, and 10 mM). The
higher amount of EDC, the more amino-DNA attach to QDs. As smeared band of MPA-
QDs indicated that the stabilizer MPA molecules have already disassociated from the QDs.
MPA capped QDs (CdSe/CdS/ZnS) after ligands exchange stored at 4 ◦C started to
aggregate in around a week. Reddish cloudy clustering appeared at the ep tube bottom.
After shaking, the clusters can be re-suspended. Fig:32QDdirectEM shows re-suspended
MPA-QDs. It shows clustered QDs but in an odd chain-shape (Figure 2.14).
GSH can bring the QDs to aqueous solution. Heterocrosslinker EMCS solved in ace-
tonitrile were added to GSH-QDs aqueous solution to react with amino residues. After
Amicon (ultra centrifugal ﬁlters from Millipore) puriﬁcation, tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) treated thiolated DNA strands then can attach to the free maleimide
group. DNA modiﬁed QDs were obtained after another Amicon puriﬁcation to exclude free
thiolated DNA strands.[148] Using classic Rothemund one-layer sheet origami (R-origami,
size 70 × 90 nm), staple strands at diﬀerent positions are elongated as docking strands.
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Figure 2.12: a, molecular structures of the common ligands for QDs. Hydrophobic ligands:
oleic acid (OA), octadecylamine (ODA), trioctylphosphine (TOP), trioctylphosphine ox-
ide (TOPO) and hydrophilic ligand: 3-mercaptopropionic acid (MPA). b & c, schematic
illustration of ligands exchange for phase transfer and the QDs-DNA direct conjugation
via heterocrosslinker (b) or EDC/NHS coupling (c).
These docking strands have the complementary sequences to thioaled DNA which were
attached to QDs. After incubation of ten times more DNA-QDs with R-origami bearing
docking strands, QDs-origami assemblies were puriﬁed via 0.7 % agarose gel electrophoresis
(11mmol L−1 Mg2+, 1× TAE buﬀer).
Figure 2.15 shows the representative TEM images of QDs dimer assemblies on R-
origami. Diﬀerent separation can be well-controlled. Almost no QDs non-speciﬁcally
attached to the R-origami ends. However, unbound QDs are also visible on TEM grids.
Some of them form small groups of aggregates. In addition, the assembly yield on R-
origami is low. There are two assembly sites on R-origami, however, few origamis bears
two quantum dots, though for close dimer (6 nm separation), the steric eﬀect lower the
assembly yield.
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Figure 2.13: Agarose gel electrophoresis of amino-DNA conjugated MPA-QDs via
EDC/NHS coupling. Lane control indicates the MPA modiﬁed QDs. Numbers 1, 5, 10 in-
dicates diﬀerent EDC concentration of 1 mM, 5 mM, and 10 mM respectively. 2 % agarose
gel electrophoresis (11mmol L−1 Mg2+, 1× TAE buﬀer).
Figure 2.14: TEM images of re-suspended MPA-QDs. Scale bars are 50 nm.
6 nm
Figure 2.15: TEM images of DNA-QDs (via GSH/EMCS) self-assembled on Rothemund
one-layer sheet origami (R-origami). QDs dimer assemblies with diﬀerent separation can
be well-controlled using R-origami.
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2.2.3 Amphiphilic polymer
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Figure 2.16: Schematic illustration of QDs coating with amphiphilic polymer. Reprinted
with permission from American Chemical Society.[149]
Ligands exchanges replaced the primary hydrophobic ligands and transfer the QDs
to aqueous phase, however, it also inevitably alters the chemical and physical states of
the quantum dot surface atoms and in most cases diminishes the quantum eﬃciency of
the quantum dots. Also, thiolated molecules (mercaptocarbonic acids) undergo constantly
binding and unbinding events and over time come oﬀ from the quantum dot surface leading
to precipitation out of water. Therefore it is beneﬁcial to have a non-covalent bonding to
achieve eﬀective QDs surface modiﬁcation.
Figure 2.16 shows a strategy to functionalise QDs using hydrophobic interactions. Func-
tional groups are introduced via amphiphilic polymer. Their hydrophobic side chains (here
the benzene ring highlighted in red) intercalate with the alkyl group (of OA, ODA, TOP,
or TOPO) on QDs surface and ensure the water solubility of QDs with hydrophilic residues
(here through the hydrolysis of maleic anhydride). Secondary residues (R highlighted in
blue) like DNA, PEG can be furthered attached to the carboxylic groups.[149][150][151]
The advantages of using amphiphilic polymers coating are: 1) no replacement of pri-
mary ligands and no no direct interaction with the quantum dot surface atoms therefore
the original optical properties are mostly protected; 2) large number of hydrophobic side
chains strengthen the hydrophobic interaction and form more steady structures; 3) addi-
tional ligands can be attached to the hydrophilic residues.
Here I adopted the method of ref. [151] to coat QDs. In short, dodecylamine were
grafted to poly(maleic anhydride) to form amphiphilic polymer through spontaneous amide
linkage. The prepared amphiphilic polymer were added to oleic acid coated QDs in hex-
ane. The mixture were then dried under slow evaporation (Eppendorf concentrator) and
then 100mmol L−1 NaOH aqueous solution were added to bring the QDs to water phase.
Without cross-linking the polymer shell which was wrapped around the nanoparticles us-
ing bis(6- aminohexyl)amine, I then attached amino-DNA to polymer coated QDs using
EDC/NHS coupling. As shown in Figure 2.17 uranyl acetate negatively stained TEM im-
ages, polymer encapsulated QDs generally adds a large volume to the QDs, resulting in a
ﬁnal size that may be bulkier than desired. The surface polymer shell was too thick to put
two QDs close enough, which is necessary in energy transfer process. Both empty vesicles
and vesicles that capsulating more than one QDs exist.
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Figure 2.17: Gel and TEM images of QDs coated with amphiphilic polymer. a, agarose gel
electrophoresis shows the diﬀerent mobility of amphiphilic polymer QDs before and after
DNA conjugation. Higher band in lane 2 contains sample DNA conjugated QDs, which
has a slower migration speed. b, uranyl acetate negatively stained polymer coated QDs.
Empty amphiphilic polymer vesicles exist. c, uranyl acetate negatively stained polymer
coated QDs conjugated with DNA. Sample were extracted from lane 2. Some vesicles
merged together and have more than one quantum dot. Scale bars are 50 nm.
2.2.4 Extra thin shell growth with PTO-oligos
To position QDs on DNA nanotructures, an ideal scenario is that there is a chemistry allow-
ing DNA strands directly attaching to QDs like thiolated DNA strands to gold nanoparti-
cles. As proposed in many reports[152][153], multidentate ligands permit strong and stable
interactions with QDs. If multiple ligands that are preferential to QDs can be integrated
in DNA strands, stable DNA-QDs conjugates can be achieved. PTO(PhosphoroThioate
Oligonucleotides)-DNA is an example of DNA strands with multiple functional groups of
thiol. In this section, the QDs in situ conjugation using PTO-DNA is introduced.
The method was ﬁrst introduced from the QDs synthesis using DNA as ligands. Levina
et al. synthesized infrared-emitting PbS nanocrystal on DNA templates. DNA phosphate
backbone, purine, and pyrimidine bases are the possible interaction sites for PbS growth.
The synthesized PbS has quantum yield up to 11.5 %.[154] Tikhomirov et al. synthesized
CdTe using PTO-DNA as ligands and MPA as a co-ligands to passivate sites left open by
the DNA. The PTO-DNA ligands were specially designed to contain three segments, the
QDs-binding domain featuring phosphorothioate linkages within the backbone, the spacer
of ten adenine bases, and the DNA-binding domain for complementary assembly.[155] Deng
et al. developed this method to synthesize diﬀerent PTO-DNA modiﬁed core/shell QDs
and realized the QDs positioning on DNA origami template.[146] According to the latter
two papers, PTO sections are the functional part which were “inserted within a CdS shell
during its formation”.
Modifying the methods of QDs synthesizing from metal ion precursor, I attached PTO-
DNA to customized ZnS shelled QDs. Figure 2.18 shows the work ﬂow. With MPA
modiﬁed CdSe/CdS/ZnS QDs, a growing materials containing MPA, Zn2+, PTO-DNA (9
phosphorothioated g-9T), NaOH were added and the mixture were incubated at 90 ◦C for
half hour. DNA modiﬁed QDs were puriﬁed using Amicon puriﬁcation with four times
washing. Diﬀerent from Deng’s paper to grow a new shell, here I suppose the ZnS shell
can grow thicker with PTO section oligonucleotides incorporated. This method seems to
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Figure 2.18: PTO-oligos modiﬁed QDs with extra thin shell growth. Using MPA stabilized
ZnS shelled QDs as precursor, PTO-DNA can attach to QDs during the extra thin shell
growth in a hot solution containing zinc ions, stabilizers of 3-mercaptopropionic acid, and
PTO-DNA. PTO is the abbreviation of PhosphoroThioate Oligonucleotides. In PTO oli-
gos, a non-bridging oxygen is replaced by a sulfur atom. PTO-DNA strands that are used
here contains two parts: PTO segment containing thiol are supposed to attach to QDs and
native DNA segment serves as handles for hybridization.
be applicable to either ZnS shelled QDs like lab synthesized CdSe/CdS/ZnS and commer-
cialized one of CdSeS/ZnS. Figure 2.19 shows TEM images of mono-dispersed PTO-DNA
modiﬁed commercial QDs with diﬀerent emissions (540 nm, 575 nm, and 630 nm). We also
investigated the inﬂuence of diﬀerent incubation time to size changes(Figure 2.19 c), as
longer incubation with allow a thicker shell to grow. However, with our TEM resolution,
we didn’t ﬁnd signiﬁcant size changes over 15 mins to 1 hour incubation. Although lower
temperature like 50 ◦C also worked, we simply followed the protocol of ref. [146] and used
90 ◦C for all samples.
It was then possible to assemble PTO-DNA modiﬁed QDs on diﬀerent DNA nanotruc-
tures. Typically, ten times more (per binding sites) Amicon puriﬁed PTO-DNA modiﬁed
QDs were mixed with target origami structures in a buﬀer containing 5-10mM Mg2+ and
1× TAE buﬀer. After incubation for over night (>10 hours), QDs-origami assemblies were
separated from extra QDs and aggregates using 0.7 % agarose gel electrophoresis. The
gel band corresponding to the target assemblies were extracted and solution containing
the assemblies were squeezed out. As shown in TEM images of Figure 2.20, QDs-origami
assemblies with diﬀerent separations, 50 nm, 25 nm, and 12 nm, as well as the left-handed
chiral arrangement were achieved. For QDs dimers with center-to-center distance of 50
nm, statistics showed that around 55 % desired assemblies after puriﬁcation (Table 2.2).
But the shortest distance of 12 nm, only about 10-20 %. Diﬀerent batch of QDs and mod-
iﬁcation may give diﬀerent yield, however, site-speciﬁc assembly of QDs on DNA origami
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Figure 2.19: TEM images of PTO-DNA modiﬁed CdSeS/ZnS quantum dots with emission
at 540 nm (a), 575 nm (b), and 630 (nm). Panel c also showed TEM images of QDs
incubated with diﬀerent time. Despite of size distribution, the diﬀerence of newly-grown
shell thickness is barely distinguishable. Scale bars are 20 nm.
Table 2.2: Statistics of QDs dimer assemblies on one-layer sheet origami with center-to-
center distance of 50 nm.
QDs numbers per origami Numbers Percentage (%)
Zero dot 7 2.9
One dot 41 17.3
Two dots at right position 131 55.3
Else (clusters, more dots) 58 24.5
Total count 237 100
are feasible. Note that comparing to plasmonic gold or sliver nanoparticles, QDs are com-
prised of materials with low electron density and it is hard to distinguish the single QD
especially after uranyl acetate staining. Also, QDs with similar emitting wavelength but
from diﬀerent sources could have diﬀerent material composition and core/shell design and
show diﬀerent contrast. In Figure 2.20, dimer assembly used QDs of CdSe/CdS/ZnS (emit-
ting at 640 nm) and stained with 1 % uranyl acetate in order to see the one-layer sheet
origami. The chiral assembly used commercial QDs CdSeS/ZnS (emitting at 630 nm) and
TEM images were taken without staining as negatively stained TEM images showed only
origami and QDs are barely visible.
To investigate the optical properties of QDs after modiﬁcation and assembly, the blink-
ing behaviors was investigated using ﬂuorescence microscope. QDs sample were spread on
glass slides surface and were observed using ﬂuorescence microscope at ambient conditions.
Figure 2.21 showed the ﬂuorescence intensity time traces of ten selected blinking spots. In
a time range of about 2 mins, multiple bight (ON) and dark (OFF) states are visible,
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Figure 2.20: TEM images of PTO-DNA modiﬁed QDs assembled on diﬀerent origami, the
dimer assembly with diﬀerent separation and chiral assembly. Scar bars are 50 nm.
which indicates the optically active quantum dots. For diﬀerent quantum dots, it does
have diﬀerent time periods for ON or OFF states, which depends on the diﬀerent quantum
dots quality.
When QDs were assembled on DNA origami, blinking behaviors of single QDs are not
resolved due to the collective eﬀect of QDs groupings, as the origami size (70 × 90 nm) is
below the diﬀraction limit. In addition, the low assembly yield of dimer assemblies, clusters
and non-speciﬁcally attached extra QDs to origami ends increased the diﬃculties to dis-
tinguish the expected signal. Comparing to single QDs, however, I did observed diﬀerent
phenomena for QDs-origami assemblies. First, the bleaching speed was accelerated after
the working procedure of QDs modiﬁcation, assembly and puriﬁcation. For QDs dimer
assemblies, ﬂuorescent intensity of bright states are expected show two levels, given the
possibility of both QDs are ON, or one is ON, or both are OFF. However, the survived QDs
barely shows a regular ON or OFF blinking states, without mentioning the diﬀerent ﬂuo-
rescent intensity. Second, with QDs dimers assembled with diﬀerent separation, intensity
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time traces show no signiﬁcant diﬀerences. This can be explained that the measured sam-
ple didn’t reach the QDs eﬃcient coupling distances which usually less than 5 nm.[140] On
the other hand, methods have been established to quantify the quantum dots quality after
each step, in particular the inﬂuence from the surface atomic distortion after modiﬁcation
and oxidization in aqueous solution. In our case, the low assembly yield is a big challenge.
For current surface modiﬁcation, the buﬀer solution for origami containing 10mM Mg2+
is the other factor cause clusters and non-speciﬁc attachment. Future eﬀorts should still
focus on the surface chemistry of QDs, the site speciﬁc assembly using templates besides
DNA origami. Instead of cadmium, zinc, another kinds of quantum dots bearing similar
optical properties but with easier surface chemistry should be also considered.
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Figure 2.21: Fluorescence intensity time trace of PTO-DNA modiﬁed commercial QDs
with emission at 575 nm.
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Figure 2.22: Fluorescence intensity time trace of PTO-DNA modiﬁed QDs assembled on
one-layer sheet origami with two separations, 25 and 50 nm.
50 2. Nanoparticles self-assembly with DNA
2.2.5 Nucleotide dependent DNA-quantum dots interaction
DNA contains four kinds of bases, adenine (A), guanine (G), cytosine (C), and thymine
(T). Adenine and guanine are also known as purine bases and cytosine and thymine as
pyrimidine bases. Each of them bears diﬀerent molecular details and form speciﬁc base
pairs, A to T and G to C. The programmable assembly of DNA mostly rests on such
interactions. In addition, some enzymes could only recognize speciﬁc sequences. Moreover,
people have found more DNA bases dependent interactions in nanotechnological ﬁeld. The
aromatic nucleobases of single stranded DNA are believed to stack with six-member carbon
ring of single walled carbon nanotubes and nucleobase binding strength was revealed in
an order of G > C > A > T.[156] When functionalizing thiolated DNA strands to gold
nanoparticles, adenine bases have the highest non-speciﬁc interactions to nanoparticles’
surface, therefore it is better to avoid poly adenine sequences for modiﬁcation. In another
way, poly adenine sequences can serve as an eﬀective anchor for preferential binding for
gold nanoparticles.[157] If using single stranded DNA of repeating bases (30 base long)
as ligands for gold nanoparticles synthesis, interestingly that A’s produced rough, round
gold particles; T’s, stars; C’s, round, ﬂat discs; G’s, hexagons.[158] People also showed
that among the four nucleotide triphosphates (NTP), only GTP served as a competent
ligand for nucleation, growth, and capping of soluble PbS nanocrystals.[159] In the paper
mentioned above about CdTe synthesis using PTO-DNA[155], the authors also found that
quantum eﬃciency of CdTe quantum dots capped with PTO G-residue pentamers yield
the highest luminescence eﬃciency.
While performing control experiments, we found that the conjugation of DNA to ZnS
shelled QDs is not dependent on phosphorothioate (PTO) segment, but diﬀerent bases.
Note that all oligos that used here contains two sections: the functional section of bases
repeating strands, with or without PTO modiﬁcation, and the handle section of 12T. As
shown in the agarose gel image of Figure 2.23 b, when incubating diﬀerent kinds of DNA
strands with commercial QDs (emitting at 540 nm), QDs with PTO modiﬁed poly-T or
poly-C didn’t give a single condensed band. However, single stranded native DNA of poly-G
or poly-G functionalised QDs showed a single band. Therefore we think that the DNA-
QDs conjugation are feasible in water solutions by mixing MPA-QDs with native single
stranded DNA containing a G- or A-rich section, no PTO segment required (Figure 2.23).
We then designed diﬀerent experiments to gain more insights of base-dependent QDs
modiﬁcation. In a typical experiment, a mixture of 100 μL water, 0.5 μL × 10 μmol L−1 QDs
(CdSeS/ZnS) from stocking solution, and 20 μL × 100 μmol L−1 poly-G(or A)-12T DNA
(400 times more) were incubated at 90 ◦C for certain time. If for additional assembly, extra
DNA were removed using 4 times Amicon puriﬁcation. Figure 2.23 c shows agarose gel of
QDs modiﬁed with diﬀerent length of repeating A or G. For both A or G base, pentamers
are the critical length. As one or three A or G modiﬁed QDs gives smeared QDs bands.
It seems 9G has a better aﬃnity to QDs than 9A. The incubation time can be as short
as 10 mins if incubating them at 90 ◦C. Also, TEM shows a good uniformity of QDs after
modiﬁcation (Figure 2.24).
In collaboration with M. Pilo-Pais and F. Nicoli, the newest ﬁnding is that poly-G or
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Figure 2.23: Nucleotide dependent DNA-quantum dots interaction. a, schematic ﬁgure of
DNA modiﬁed QDs, a functional section containing G- or A-rich will attach to QDs, the
rest serves as handles. b, an agarose gel shows PTO modiﬁed DNA doesn’t always give a
properly functionalised QDs. G- or A-rich segments are the functional parts that interact
with QDs. c, the inﬂuence of diﬀerent G- or A- repeating length on QDs modiﬁcation.
Pentamers are the critical length and it seems G works better than A. d, the inﬂuence of
incubating time for QDs modiﬁcation.
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A/QDs modiﬁcation can be ﬁnished at room temperature as short as 15 mins. We think
gentle conditions like room temperature with short time can preserve the primary ligands
without altering the optical properties. However, we still need to ﬁgure out the speciﬁcity
of DNA funcionlised QDs to bind at the right complementary docking strands.
Although here we tried QDs with ZnS shell, coordination chemistry shows native DNA
containing poly-G/A might be able functionalise QDs with shell containing cadmium, lead,
and copper.[160] In the case of Cd2+ and Zn2+, the guanine N7 position is the strongest
intrinsic binding site. Charged phosphate units assist to stabilize the chelates.
Figure 2.24: TEM images of QDs modiﬁed with 9G12T after Amicon puriﬁcation. Scale
bars are 20 nm.
2.2.6 Summary
Due to their standard wet-chemistry synthesis, tunable optical properties, relatively stable
ﬂuorescence (compare to ﬂuorescent dyes), and commercial availability, colloidal quantum
dots in general have broader applications. Here, I showed diﬀerent surface modiﬁcations for
ZnS shelled QDs towards DNA-based QDs assembly, as well as QDs assembly in diﬀerent
conﬁgurations such as dimer and chiral assembly. To understand the further details, QDs-
origami assembly with further precise control are demanded. Before a reliable DNA-QDs
conjugation method developed, both polymer-coating or neutravidin modiﬁed QDs are
good compromise.
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2.3 Gold Nanoparticles
In subsection 1.3.1 and subsection 1.3.2, plasmonic properties and applications of colloidal
gold nanoparticles and their assemblies have been described. In this section, we aim to
build a gold nanoparticles dimer assembly to investigate the hotspot enhancement and
plasmon-exciton interaction.
2.3.1 Introduction
The incident light with a speciﬁc frequency induces a collective oscillation of surface elec-
trons of the plasmonic nanoparticles (e.g. gold or silver nanoparticles). This electron
oscillation around the particle surface causes a charge separation, which results in a dipole
oscillation along the direction of the electric ﬁeld of the light. The maximum frequency of
the amplitude of the oscillation reached is called surface plasmon resonance (SPR). SPR
creates a local electric ﬁeld enhancement with strengths (modest enhancement, of ten fold
to maximum 100) that is higher than that of the incident ﬁeld. Both the SPR frequency and
local plasmonic enhancement are tunable by varying the parameters of metal composition,
size, shape, spacing to the neighboring nanoparticles, and surrounding medium.[161]
Take spherical gold nanoparticle as example, when 2R  λ (R is the radius of the
particles and λ is the wavelength of the light in the media), extinction coeﬃcient is mainly
determined by the metal dielectric functions, which is correlated to the atomic orbital
structures. When the nanoparticle size is greater than 20 nm, the particle radius R begins
to play a role. Together with the retardation eﬀects of the electromagnetic ﬁeld across the
particle, SPR shifts to red and peak broadening occurs. When the shape is no longer a
sphere, additional SPR appear, such as a longitudinal lower energy plasmon resonance and
transverse higher energy mode for the case of nanorods.[162]
For less trivial structures such as nanoshell, Prodan et al.[163] developed a plasmon
hybridization model to explain their plasmon resonances. The model can be understood
as the hybridization of plasmon modes, analogues to the hybridization of atomic orbital
in molecules. Figure 2.25 shows the energy-level diagram that describes the hybridized
plasmon resonance in metallic nanoshells by the plasmon interaction of sphere surface
ωsp and inner cavity ωc. The two dipolar modes of nanoshell structure emerge due to
the hybridization of dipolar modes of spherical particles and a cavity, which results in
the splitting and shifting of these plasmon resonances to higher energy assymmetrically
coupled anti-bonding mode (ω+) and lower energy symmetrically coupled bonding mode
(ω−).The plasmon hybridization model is universal and able to predict plasmon interaction
of nanoparticle-nanoparticle and nanoparticle-guest molecule couplings.
When two spherical nanoparticles are placed in close proximity to each other, their plas-
mons can couple through near-ﬁeld interactions. One unique feature of coupled nanoparti-
cles is the further enhanced electromagnetic (EM) ﬁeld at the junction of two nanoparticles
(hot spot), when the incident light is polarized along the nanoantenna main axis and the
wavelength is matching the localized SPR. The multifeatured palsmon response of dimers,
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Figure 2.25: Plasmon hybridization in metal nanoshells resulting from the interaction
between the sphere and cavity plasmons. Hybridization for thick and thin metallic shells
reveals that the hybridization is much more signiﬁcant for the thin metallic shell. Reprinted
with permission from the American Association for the Advancement of Science.[163]
homo- or hetero-dimers [164], can be understood as that their surface plasmon modes hy-
bridize and lead to bonding (red-shifted) and anti-bonding (blue-shifted) plasmon mode.
The electronic resonance occurred in the host spot act like a antenna, able to amplify
the radiation from small molecules placed in. When foreign molecules are placed at hot
spot region, three types interactions can happen: refractive index-independent plasmon
resonance, palsmonic-molecular resonance coupling, and plasmon inﬂuenced ﬂuorescence
process.[165] In the ﬁrst case, the electronic absorption energies of foreign moleucles are
far away from plasmon resonance. Their adsorption increases the refractive index or the
dielectric constant of the nanoenvironment surrounding nanoparticles. In the second case,
the molecules exhibit strong absorption at the plasmon resonance which leads to a strong
coupling and the hybridization of the plasmonic and molecular resonances. Ref. [28] gives
an ideal example of such phenomenon with an example of plasmon and exciton interaction.
In the third case, plasmon can cause quenching by enhancing non-radiative decay, or
ﬂuorescent enhancement if ﬂuorescent molecules are at a certain spacing to plasmon source
and enhancement of excitation and radiative decay can overcome the non-radiative decay
rate.
In order to understand the interaction of hot spot and guest molecules, in this section,
two kinds of gold nanoparticles dimers assembly with DNA are introduced. In the ﬁrst
example, we aimed to build a hybrid nanopore system with both ionic and optical signals
and are able to realize optical signal detection using Raman enhancement of Rhodamine.
In the second example, we established a robust method to place a single colloidal quantum
dot or gold nanoparticles at the hot spot center of 40 nm gold nanoparticles dimers.
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Figure 2.26: Scheme of gold nanoparticles dimer on DNA origami nanopore structure.
a, scheme of hybrid nanopore which can give ionic current and optical signals. b, TEM
images of origami nanopore and gold nanoparticles attachment at the hollow parts. Scale
bars are 20 nm. c, Raman signal enhancement in the hot spot of gold nanoparticles
dimers assembled on nanopore structure. d. the potential application for assembling gold
nanoparticle-quantum dot-gold nanoparticle to study the exciton and plasmon interactions.
2.3.2 Gold nanoparticles dimer assembly on nanopore structure
Channels that have a dimension at nanoscale oﬀers opportunities to investigate fundamen-
tal phenomenons upon the the molecular translocation. With small voltage bias imposed
across the nanopore, when target molecules enter the channel, ionic current decreases due
to the blocking of target molecules. When molecules leave, the channel is reopen and ionic
current goes back to open state. Monitoring the ionic current modulation induced by an-
alytes translocation allows to explore the molecular behaviors inside the channel, such as
its physical conformational changes, interaction with the nanopore, and particle-particle
interactions.[166] Consequently it enables several applications in molecular sensing[167],
DNA sequencing[168], force analysis[169], molecules separation and determinations. So
far, however, nano channel based sensing or detection has only one signal of ionic current
changes.
Hence we proposed a hybrid nanopore system with DNA origami based nanopore struc-
tures with designable size and functionality. The main goal of the nanopore design is to
create a new kind of synthetic hybrid nanopore with both, ionic current as well as optical
signal upon target molecule translocation. To achieve this goal, we designed and folded the
origami nanopore assembled with two 40 nm gold nanoparticles which serve as an antenna.
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Figure 2.27: Magnesium screening of origami nanopore structure. The fastest bands
indicates the excessive staples in the folding solution. From the magnesium screening,
14mmol L−1 magnesium chloride concentration gives the best folding. Besides the main
band, a slower band appears which might be the dimers aggregations. Higher magnesium
concentration cause more clusters and smearing. One time PEG precipitation puriﬁed
origami structure were also loaded and they have similar speed as the others.
The nanoparticles close proximity creates an enhanced ﬁeld (hotspot) at the gate of the
pore (Figure 2.26 a). When target molecule transports through the nanopore, it will pass
by the hot spot region and give a responsive optical signal. At the same time, it will also
cause an ionic current decrease due to the transient blocking. These two simultaneous sig-
nal output may signiﬁcantly enhance the diﬀerentiation and sensitivity of target molecular
detection. The other design novelty of the origami structures is that it has two hollow sides
where nanoparticles can embed in. This will in our expectation to reduce nanoparticles
wobbling and achieve a better control over nanoparticles gap.
Figure 2.26 b shows the TEM images of puriﬁed origami nanopore structures and the
assembly with gold nanoparticles. Negatively stained images clearly show the pore position
and hollow parts at both sides. As the structure was designed to assemble two 40 nm gold
nanoparticles, when using small gold nanoparticles, they could assemble at the designed
positions but multiparticles can attach. Magnesium screening gel (Figure 2.27) shows the
origami nanopore folding with good yield. High concentrated origami structures can be
obtained using PEG precipitation. PEG precipitation removes most of the free staples and
barely causes clusters.
In collaboration with Ulrich Keyser’s group, preliminary results show that the dimers
assembly leads to a strong plasmonic coupling in a controllable gap of about 3-5 nm. Sur-
face enhanced Raman scattering was employed to demonstrate the local ﬁeld enhancement
of guest molecules Rhodamine 6G (Figure 2.26 c). As gold nanoparticles that fully cov-
ered with handles oligonucleotides may show background signal of DNA bases, sequence
dependent Raman measurement was also described in ref. [170].
Although the nanopore was originally designed to measure single molecule transloca-
tions, it can be used in any experiment that requires plasmonic enhancement. As shown
in the schematic illustration of Figure 2.26 d, one single quantum dot can be positioned
at the center of hot spot region and achieve heterostructure assembly of gold nanoparticle-
quantum dot-gold nanoparticle. Such trimer assembly will oﬀer a platform to study the
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plasmon-exciton interaction, plasmon induced enhancement or quenching phenomenons.
However, as mentioned in section 2.2, the non-speciﬁc binding of quantum dots is a big
barrier for such controlled trimer assemblies. Instead of assembly at the designed hot spot
position, quantum dots tend to bind at the scaﬀold loop region (both ends of the origami
structure) and the gold nanoparticles positions.
2.3.3 Gold nanoparticles & quantum dots heterostructures
Experimental realization of quantum-dots and gold nanoparticles hybrid structure and
the optical measurement can reveal more detail of plasmon-exciton interaction, thereby to
better understand the energy transfer mechanism.[26][27][28] In collaboration with M. Pilo-
Pais and F. Nicoli, we established a robust method to construct gold nanoparticle-quantum
dot-gold nanoparticle trimer structure.
In detail, we functionalized 40 nm gold nanoparticles with 5’ prime thiolated oligonu-
cleotides, as well as the quantum dots with complementary sequences but with functional
poly-G segment at 3’ prime (subsection 2.2.5). When titrating 5 nm quantum dots into 40
nm gold nanoparticle in a buﬀer containing 5mmol L−1 magnesium chloride and 1× TAE
buﬀer, due to the steric eﬀect of big gold nanoparticles, only linear assemblies of quantum
dot/gold nanoparticle (...Au-QD-Au-QD-Au...) alternate structures can form. An ideal
scenario will be the concentration of quantum dots in solution is half of the gold nanopar-
ticles and mostly they will form gold nanoparticle-quantum dot-gold nanoparticle trimer
assembly. However, the exact concentration of quantum dots and gold nanoparticles are
not perfectly accurate. Therefor the assembly results in a distribution of monomers (gold
nanoparticles), dimers, trimers, and higher oder assemblies. Fortunately, these assemblies
containing 40 nm gold nanoparticles can be separated by agarose gel electrophoresis. The
gel band contains corresponding assembly can be exacted and liquid containing target
assembly can be squeezed out.
Figure 2.28 shows the scheme of gold nanoparticle-quantum dot-gold nanoparticle (Au-
QD-Au) trimer assembly. Due the steric eﬀect of big (40 nm) gold nanoparticles, when
titrating 5 nm quantum dots in, only linear assembly (...Au-QD-Au-QD-Au...) can form.
Figure 2.28 c shows the agarose gel image of samples with diﬀerent Au/QD ratio. Isolated
red colored bands indicating assemblies containing diﬀerent numbers gold nanoparticles.
The lowest bands are free gold nanoparticles as they has same mobility with gold nanopar-
ticles control. The ﬁrst band above labeled with D is the desired gold nanoparticles dimer
assembly bridged with one quantum dot. The bands labeled T and Q are gold nanoparti-
cles trimer and tetramer assembly bridged with quantum dots, respectively. TEM images
(Figure 2.28 b&c) clearly show the assembly as described. In particular the trimer as-
sembly has a very high yield. Due to the material low contrast, quantum dots are not
always visible. When apply same assembly strategy to gold nanoparticle 40 nm-5 nm-40
nm assembly, 5 nm gold nanoparticles are clearly visible under TEM and link two big
nanoparticles together. Longer linear assembly can also form and be separated as shown
in Figure 2.28 f.
Before the systematic studying of Au-QD-Au structure, we ﬁrst measured the scattering
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spectra of the Au-Au-Au(40 nm-5 nm-40 nm) trimer assembly. In comparison to the spectra
range of 570±3 nm of gold nanoparticles dimer with 5 nm gap([171]), the trimer assembly
have red shifts (Figure 2.29). In addition, the maximum resonances are in a range from 550
nm to 620 nm, which indicates that during sample preparation, the two big gold antennas
may have diﬀerent separation due to the capillary and drying eﬀect.
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Figure 2.28: Scheme of (gold nanoparticle-quantum dot-gold nanoparticle)Au-QD-Au as-
sembly without origami. a, the DNA strands hybridization detain of quantum dot and gold
nanoparticles. Quantum dots and gold nanoparticles are fully covered with DNA strands.
Due the steric eﬀect of big (40 nm) gold nanoparticles, when titrating 5 nm quantum dots
in, only linear assembly (...Au-QD-Au-QD-Au...) can form. b, TEM images of Au-QD-Au
trimer assembly. Quantum dot has low contrast comparing to gold nanoparticles and are
barely visible. c, agarose gel electrophoresis shows isolated red colored bands (indicat-
ing the gold nanoparticles) when using diﬀerent Au/QD ratio. D: dimer; T: trimer; Q:
tetramer. d, TEM images of Au/QD trimer and tetramer assembly. e & f, same strategy
can be applied to gold nanoparticle 40 nm-5 nm-40 nm assembly. 5 nm gold nanoparticles
are clearly visibly under TEM and supported our assembly using quantum dots.
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Figure 2.29: Dark ﬁeld scattering spectra of gold nanoparticles (AuNPs) trimer assembly of
40 nm-5 nm-40 nm. Scattering spectra range AuNPs dimer with 5 nm gap was highlighted
in blue at 570 ± 3 nm([171]). In comparison to AuNPs dimers, the scattering peak of the
trimers have red shift.
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2.3.4 Summary
Due to the robustness of gold-thiol bonding, the gold nanoparticles functionalization is not
always a problem. Protocols can be easily found and to be carried out with patience.[107]
Here in this section, we’re able to observed the surface enhanced Raman signal by assem-
bling gold nanoparticles on the DNA origami nanopore structures. The design novelty of
using two hollow sides allows two 40 nm gold nanoparticles embed in the structures with
ﬁxed separation. For the Au/QD heterostructures, we established a robust methods to
assembly Au-QD-Au trimer without using DNA origami. Using same strategy, 40 nm -
5 nm - 40 nm Au-Au-Au trimer was also assembled. Scattering spectra measurement
under dark ﬁeld microscope show that the maximum resonances of diﬀerent samples are
in a big range, which imply the trimer structures can have diﬀerent conﬁgurations when
deposited on surface. With further improved assembly yield, investigating these structures
with single molecular measurement can allow us to study the expected energy transfer and
ﬂuorescence enhancement events.
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2.4 Challenges & Outlook
Self-assembled optically-active nanocomponents in a periodic way can exhibit collective
optical responses. The spatial arrangement of nanoparticles with careful control oﬀers a
robust platform to study distance, orientation, and materials dependent energy transfer
and coupling phenomena. In particular, DNA structures templated assembly in principle
can achieve such assemblies high precision. In this chapter, aiming to reveal fundamental
processes associated with energy and information transfer between individually addressable
but photon-coupled nanoparticles, nanoparticles assemblies of homodimers, heterodimers,
and heterotrimers are built. I demonstrated the newly-developed and the optimized exist-
ing surface functionalization methods for nanodiamonds, quantum dots, and gold nanopar-
ticles. The functionalized nanoparticles then allow to assemble at site speciﬁc positions
on the DNA structures with high accuracy. From optical measurements, we observed the
preserved optical properties of nanodiamonds (NV color center) and quantum dots, as well
as the surface enhanced Raman signal of Rhodamine 6G placed at the hot spot of gold
nanoparticles dimers.
Though challenges remain to realize the designed functions, it is a big leap from the
colloidal nanoparticles synthesis to site-speciﬁc assembly. With improved assembly qual-
ity, future it would be possible to realize the observation and interpretation of expected
photonic and energy transfer events by single-molecule-sensitive optical measurements.
Chapter 3
DNA origami crystalline assembly
One initial motivation for the creation of DNA nanotechnology is to build a three dimen-
sional framework for co-crystallization of guest nanocomponents. The evolution of this ﬁeld
has permitted the free design of DNA nanostructures as well as the templated assembly
for external molecules. In this section, two DNA origami-based nanostructures are demon-
strated aiming for three-dimensional DNA origami polymerization and incorporation of
guest components.
3.1 Introduction
As described in subsection 1.3.2, bottom-up self-assembly has the potential to position
various nanocomponents with an accuracy that top-down approaches can not achieve.
Spatially arranged components with designed conﬁgurations and geometries allow to build
advanced three dimensional materials to study the fundamental questions in light-matter
interactions, energy harvesting, and the reaction pathways along the cascades.
To achieve such precision, the building blocks and their interactions have to be carefully
engineered. Synthetic colloidal nanoparticles are one kind of widely-used building blocks
due to their ease of synthesis of diﬀerent sizes and shape, as well as the well-established
surface modiﬁcation methods. Spherical gold, silver or semiconductor nanoparticles can be
densely packed via surface ligands based interactions such as electrostatic interactions[172],
protein-protein interactions[173], and DNA base pairings[44][43]. Such packing methods
have to be individually designed for diﬀerent nanoparticle sizes and compositions due to
the diﬀerent surface chemistries.
To arrange arbitrary nanoparticles regardless of their sizes and compositions, the other
approach is to assemble nanoparticles on pre-assembled templates. Programmable DNA
assembly has developed designing methods such as DNA tiles[78], DNA origami[79], v-
helix[174], and single stranded DNA tiles[82][175]. These methods provide the possibility
to fold diverse building blocks with eﬃcient size and shape control. The folded DNA
structures then comprise the powerful toolbox for templated assembly. Moreover, the
polymerization of monomeric structures can assemble micrometer-sized DNA structures
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while the precision for addressable assembly is preserved.
In principle, any DNA conjugatable guest molecules can be placed on DNA struc-
tures in designed positions. DNA structures templated-assembly oﬀers an ideal platform
to study the distance-, orientation- dependent electronic, optical and enzymatic proper-
ties. Typically, selected oligonucleotides at desired positions are identiﬁed and modiﬁed
either with functional residues (such as biotin or thiol), or with an extended sequences
which serve as docking strands for the hybridization with DNA oligonucleotides on guest
nanoobjects. So far, examples for templated-assembly on DNA nanostructures include
nanotube cross-junction on ﬂat DNA origami[176], chirally arranged gold nanoparticles
on 24HB origami[32], and enzyme pairs of glucose oxidase/horseradish peroxidase on ﬂat
DNA structure[177].
However, current DNA templated-assembly is limited to two dimensions and small sizes.
[77][86][93][94][100] Building blocks used in former attempts were not able to form 3D ob-
jects due to the geometrical design constraints. Branched DNA-tiles can be assembled into
polyhedra by adding unpaired DNA spacers to increase the ﬂexibility.[178] The ﬂexible tile
based monomer design lacks rigidity and suﬃcient control over directionality for large as-
sembly. Single stranded DNA tiles can potentially grow into three dimensional objects.[175]
However, it is diﬃcult to arrange guest components in three dimensions because each single
strand serves as an assembly unit, which cannot carry large guest molecules.
The ﬁrst example of three dimensional DNA crystal used a building block of triangular
shaped DNA duplex. Three 19 bases pairs long DNA duplex are interconnected through
Holliday junctions to form a over-under, over-under, over-under structure. Rhombohe-
dral shaped DNA crystals can be obtained by slowly annealing a 80 μL sitting drop in a
thermally controlled incubator. After about 7 days incubation, 90 % volume of the drop
diminished and DNA crystals formed at the end of cooling step. X-ray scattering shows
that the three dimensional DNA crystal has a resolution down to 4 A˚.[99] Small molecules
such as Cy3 (molecular weight 767) or Cy5 (molecular weight 792) can be incorporated
inside the crystal cavity with 103 nm3 size.[179] Recently, Hao Yan group showed a diﬀer-
ent DNA-helix based monomer design for DNA crystallization.[180] Hendrik Dietz group
systematically investigated the crystallization robustness of the triangle design even in a
random pool of foreign 179 diﬀerent DNA oligonucleotides.[181]
To spatially arrange large components, such as gold nanoparticles, a three dimensional
DNA lattice with large unit cell is demanded. In addition, it should have high structural
rigidity and can polymerize in three dimensions.
As mentioned in section 1.3.3, the computer assisted DNA origami technique has several
advantages compared to the other DNA assembling techniques. An ideal DNA origami
design for three dimensional assembly should bear the features of: (i) high structural
rigidity, (ii) long edges to provide a large unit cell volume to host guest particles, and (iii)
polymerizibility along for three axes in space.
In this chapter, two DNA origami designs are presented to exploit DNA structure
three dimensional polymerization, with rationally designed building blocks and monomer-
monomer interactions. Because of the large unit cells of these origami designs, guest
components such as spherical nanoparticles of up to 20 nm diameter can be co-crystallized
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into the origami lattices. In principle, external components can be organized at selected
positions regardless of their sizes, compositions, and numbers. With this, we aim to scale
up origami-based assembly to manufacture three dimensional photonic nanocrystals and
study the emerging optical properties.
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3.2 Cubic lattice
3.2.1 Structure design
Figure 3.1: Schematic illustration of cubic structure design. a, three dimensional model
of cubic design including three interlocked subunits. Orange subunit serves as body to
maintain the structure and the blue and green subunits are connected by using only staples.
b, CanDo simulation of the corresponding design using caDNAno.
Cubic lattice is a straight forward crystal geometry that can be designed with DNA
origami. As shown in Figure 3.1, our origami structure consists of three subunits, high-
lighted in orange, blue and green which points to X, Y , and Z direction, respectively.
The orange subunit for the X direction is designed to maintain the whole structure. The
green and blue subunits are interlocked through the orange subunit. The three subunits
are designed to be perpendicular to each other to fulﬁll the requirement of cubic lattice.
In detail, the cubic design comprises 71 duplexes that are packed in a square lattice
(Figure 3.1 a cross section image), of which 16 duplexes in blue for the Z direction, 36
duplexes in orange for the X direction, and 20 duplexes in green for the Y direction. Du-
plexes in dark blue, dark orange, and dark green serve as the main body. All three bundles
have their own shape complementary blunt ends for stacking introduced polymerization,
blue stacks to blue, orange stacks to orange, and green stacks to green. Because the green
subunit (Y ) and blue subunit (Z) have thick ends but have the main body intercalated
3.2 Cubic lattice 67
through the orange subunit (X), over all the design can be considered as a self constrained
structure.
To fold the structures properly, scaﬀold path of both of the green and blue subunits
is re-routed. The two ends of the green subunit or the blue subunits are connected with
only staples. Notably, the cubic structure is designed to be folded with one 8634 bases
scaﬀold, not three separated ones. Using a one-pot reaction with one scaﬀold can avoid
hierarchical assembly caused material loss after multi-step puriﬁcations. The caDNAno ﬁle
was also analyzed with the online origami simulation tool CanDo. The simulation results
ﬁt well with the design of three intercalated subunits which are perpendicular to each other
(Figure 3.1 b).
3.2.2 Folding and assembly
A 500 μL folding mix containing 10 nM of scaﬀold strand (8634 base-long scaﬀold), 100 nM
of staple oligonucleotide (without endcap oligonucleotides for polymerization), 14mmol L−1
MgCl2 and 1×TE buﬀer (pH 8.2) was prepared and subsequently folded using the following
temperature proﬁle. The folding program is about 27 h: 15min at 65 ◦C, cooling to 58 ◦C
with a cooling rate of −1 ◦C per 5min, 58 ◦C to 35 ◦C with rate of −1 ◦C per 1 h, and from
35 ◦C to 4 ◦C with rate of −1 ◦C per 5min. The folded cubic structures were then puriﬁed
by agarose gel electrophoresis.
For polymerization, 10 times endcap oligonucleotides were mixed with puriﬁed cubic
structural monomers. The mixed sample were then incubated in 25mmol L−1 Mg2+[86],
1× TAE buﬀer, at 35 ◦C for 50 hours. As diﬀerent subunits (blue, green, or orange)
shares diﬀerent segments of the 8634 scaﬀold and have diﬀerent sets of staples strands, as
well as the polymerization oligonucleotides. When applying diﬀerent set of polymerization
oligonucleotides to the folded monomer origami, it can result in polymerization into certain
directions.
Figure 3.2 shows the TEM characterization of single cubic monomer, one- and two-
dimensional polymerizations. As TEM images give only one projection of the sample, the
six branches in three dimensions are not fully visible. To conﬁrm the successful folding, one
dimensional assembly were carried out by adding diﬀerent set of polymerization oligonu-
cleotides. As shown in Figure 3.2 b-d, one dimensional polymerization can be realized in
diﬀerent directions. As the bundles at the X and Y directions are thicker and more rigid
than in the Z direction, the polymerization in these directions are more rigid. The ﬂexible
assembly in the Z direction is most likely because 1), the main body at Z direction has only
four helixes which is not rigid enough, 2) there is no scaﬀold spacer from the X subunit to
Z, which might have too much tension to straighten the bundles in the Z direction.
Two dimensional polymerization can be carried out by adding the corresponding sets
of polymerization oligonucleotides. Figure 3.2 e shows two dimensional polymerization in
the X and Y directions. Cubic structures can be arranged in periodic patterns. However,
the periodicity appears to be broken after about ten monomers due to the distortion,
mismatched, and error assembly.
In the cubic origami lattice system, the interactions of stacking forces come from the
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Figure 3.2: TEM images of cubic structures. a, gel puriﬁed monomers. b-d, one dimen-
sional polymerization to X, Y and Z directions if diﬀerent sets of end cap oligonucleotides
were added. e, two dimensional polymerization using end cap oligonucleotides at X and
Y directions.
shape complementary blunt ends, which are created through the hybridization of polymer-
ization oligonucleotides to the corresponding scaﬀold loop at the ends. To optimize the
conditions for large scale polymerization, constant temperature in a range from 33 ◦C to
40 ◦C incubation has been applied. Figure 3.3 shows the TEM images of two dimensional
polymerization at diﬀerent temperatures. The origami assemblies tend to form clusters
at lower temperature and regular pattern at higher temperatures. Higher temperature in-
hibits the binding of the polymerization oligonucleotides to the scaﬀold loop and decrease
the possibilities to form shape complementary blunt ends. A proper high temperature
therefore can generate a weak force between the monomers. The generated weak inter-
actions during the polymerization permits the constant binding-unbinding of monomers
to self-adjust their orientations in order to construct highly-ordered assemblies. However,
when the temperature is over high, it leads to even weaker interaction and prevent the poly-
merizations. On the other hand, when a lower temperature that is favourable for blunt
ends forming, the introduced strong stacking forces prevent the crystal self-adjustment.
From the TEM imaging of two dimensional polymerization, an optimized temperature of
37 ◦C is determined. Due to the bundle ﬂexibility in Z direction, polymerization at three
dimensions was only found to be a giant cluster. Partially this is due to the limitation
of TEM imaging which relied on the collection of transmission electrons and requires a
ﬂattened, dry and thin sample. It will be diﬃcult to reconstruct the three dimensional
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Figure 3.3: Temperature dependent polymerization. Lower temperature leads to more
clusters, and higher temperature decrease the stacking strength and inhibit polymerization.
An optimized polymerization temperature is about 37 ◦C in 25mmol L−1 Mg2+, 1× TAE
buﬀer for 50 hours.
shape from collapsed origami lattices.
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3.2.3 Summary
Cubic lattice is the most common geometry in crystallography. In this section, a cubic
origami design and its polymerization are presented. Polymerization at one, two dimensions
to periodic arrays are realized in a short range after incubation at certain temperature.
The low quality of elementary units is most likely the main barrier to achieve large scale
assembly. The non-spacer connection between each subunits may cause more tension at
the interconnections sites. Such tension will also prevent the engagement of staple strands
to corresponding scaﬀold loop and lead to a low monomer folding yield.
In addition, the size of origami structure is conﬁned by the length of DNA scaﬀold. In
the cubic design, 8634 bases long scaﬀold is used. Still there are not enough scaﬀold to
build a thick and rigid Z direction bundles. A ﬂexible Z direction bundle maybe the main
bottleneck to assemble a stable three dimensional structure. Diﬀerent bundles numbers
can also cause diﬀerent stacking strength at three directions. In particular when using
incubation at a constant temperature, it can have diﬀerent eﬀect on blunt ends forming.
Future design should take account of these factors. For example, a symmetric origami
design with equally distributed three bundles can generate similar stacking strength at
three directions.
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3.3 Rhombohedral lattice
3.3.1 Structure design
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Figure 3.4: Schematic illustration of rhombohedral lattices. a, rhombohedron can be a
special case of cubic lattice but with same value of axial distances and angles. After two
times rotation, three fold symmetry are visible. b, the corresponding layout of the origami
design. From left to right, triangular origami of three same edges; eight triangular monomer
stacked from orange ends to blue ends form a single unit cell; after two times rotation, it
shows same pattern as shown in panel a.
As mentioned in the summary of subsection 3.2.3, we aim for a structure that can be
polymerized in three directions with bundles sharing a similar stacking strength in three
directions. Inspired by Chengde Mao & Ned Seeman’s crystal design[99], a triangular
origami-based monomer is presented. Figure 3.4 a shows the general idea of a rhombohedral
lattices design (from left to right). Starting from a single unit, vectors parameters of
rhombohedral lattices meet the conditions of axial distances a = b = c, while axial angles
α = β = γ = 90◦. Started from a front view of a rhombohedron, which can be considered
as a stretched cube with six identical faces. Brown lines are the edges at the behind. After
stepwise rotation, a top view projection shows the three fold symmetry of the rhombohedral
lattice. Figure 3.4 b shows the corresponding layout of rhombohedral lattices built from
DNA origami structure. An ideal monomer design contains three parts of equal length and
bundle numbers. The connection points between each bundles should also be symmetric
to meet the requirement of α = β = γ. Monomers then can be stacked together to form a
rhombohedral unit cell.
Figure 3.5 shows the design details of the triangle DNA origami structure. Each edge is
a 14-helix bundle (14HB) with helices packed on a honeycomb lattice. The design was com-
pleted on the software of caDNAno. Initially, three 14-helix bundles (14HB) were designed
by selecting scaﬀold path in honeycomb-type lattice (14HB cross-section). These three
14HB have the same length and shared the same blunt-ends shape. Secondly, 14HB were
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Figure 3.5: Structural details of the triangular DNA origami structure and the sequential
workﬂow to form the triangular DNA origami monomer and the DNA origami lattices. a,
The mixed sample of one 8634 nucleotides long DNA scaﬀold with the core staple strands
(without connection oligonucleotides and polymerization oligonucleotides). Step 1: the
mixed scaﬀold and staple strands of core oligonucleotides were annealed from 65 ◦C. Cross
section image shows the honeycomb design of the 14 helix bundles and the scaﬀold in-
terconnection positions. b, The interconnection between each 14 helix bundles with 3
nucleotide long scaﬀold spacers. Step 2: during folding, connection oligonucleotides are
added to link the unjoined two parts of one 14 helix bundle. The folded triangular DNA
origami monomer can be puriﬁed from agarose gel electrophoresis or PEG precipitation. c,
The successfully folded triangular DNA origami monomer (without polymerization oligonu-
cleotides). Step 3, polymerization oligonucleotides are added to puriﬁed origami monomer
for creating blunt ends. d, The triangular DNA origami with blunt ends created. Step 4,
triangular DNA origami monomers with shape complementary blunt ends will polymerize
to three dimensional lattices via stacking. Due to three equally designed 14 helix bundles,
the triangular DNA origami bears three fold symmetry which allows any of the blue ends
to interact with any of the orange ones. e, The unit cell consisting of eight triangular DNA
origami monomers.
interconnected at selected positions by using force crossovers of three bases scaﬀold spacers.
Then we re-routed the scaﬀold path to apply a circular virus-based single stranded DNA.
The carefully selected spacer positions and the short brevity of the scaﬀold loop resulted
in a self-restricting over-under, over-under, over-under origami triangle structure. Thirdly,
staples were generated accordingly and were broken manually into shorter segments of 18
to 50 bases. Oligonucleotides were sorted into diﬀerent groups, core oligonucleotides, con-
necting oligonucleotides, end cap oligonucleotides (for polymerization). Polymerization was
achieved by using stacking interaction of shape complementary blunt-ends. Blunt-ended
helices highlighted in blue can stack to any ends in orange, hence the origami monomer
has a three-fold rotational symmetry (C3 symmetry) as designed. Such symmetry will
increase the chance of correct polymerization by tolerating three-fold orientations for the
collision of free monomers, therefore giving a larger lattice with fewer errors. From our
design, the interplanar spacing is about 199 bp, which equals to the length of each 14HB.
The interaxial angles were assumed to be about 120 degrees. This would correspond to an
inside cavity size of about 50 nm × 50 nm × 60 nm per unit cell.
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3.3.2 Single object folding
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Figure 3.6: Folding conditions optimization. The one pot reaction resulted in a mixture of
rightly folded triangular origami and A-shaped origami, while without connection oligonu-
cleotides, an open structure was formed. An increased folding yield was achieved by adding
connection oligonucleotides during the folding. However, no proper temperature was found
to achieve 100% monomeric folding.
We found that a one-pot folding reaction (scaﬀold mixed with all the staples) resulted
in a low yield of properly folded triangular structures. This is most likely due to the
fact that it is diﬃcult to bypass the kinetic trap during the folding of the topological
triangle structures. In order to solve this problem, the scaﬀold path was re-routed and the
triangular structure was folded with certain connection oligonucleotides injected during
folding.(Figure 3.5).
In detail, we re-arranged the scaﬀold path and made one of the 14 helix bundles be-
ing connected by only staples (connections oligonucleotides). In a typical folding, scaf-
fold with all rest oligonucleotides except polymerization-oligonucleotides and connecting-
oligonucleotides annealed from 65 ◦C. Connection oligonucleotides were added at a certain
temperature during the folding (Figure 3.5, annealing program is as described in subsec-
tion 3.2.2). The folded origami structures were puriﬁed with agarose gel electrophoresis.
As shown in Figure 3.6, one pot reaction yielded a mixture of rightly folded ones and
the irregular A shaped structures. When no connection oligonucleotides were added, an
open triangular structure was formed. To optimize the folding process even more, diﬀerent
addition temperature for connection oligonucleotides were investigated. The TEM images
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shows that addition temperature of 54 ◦C improved the folding yield of the triangular
origami in comparison to one-pot reaction. We also found the addition temperatures can
be in a big range, from 54 ◦C to 44 ◦C but with folding yield of about 60%. However, as
TEM only gives the projection of the structures, the over-under design style can not be
solved with TEM. Choosing 54 ◦C for connection oligonucleotides, the folded triangular
DNA origami structures were puriﬁed from from excessive staples and clusters via agarose
gel.
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Figure 3.7: Statistics of correctly folded triangular DNA origami structures folding with
connection oligonucleotides added at diﬀerent temperatures. One-pot reaction with all
staples folded together give a lowest assembly yield of 15.6%. With connection oligonu-
cleotides injected at diﬀerent temperature from 36 to 54 ◦C, the folding yield of triangular
DNA origami structures can be improved to about 60%.
3.3.3 3D origami crystalline assembly
To enable 3D polymerization, the puriﬁed origami monomers and the polymerization-
oligonucleotides were incubated at constant temperature for 3 - 4 days. Hybridization
of polymerization-oligonucleotides to free scaﬀold loops at each 14HB ends creates the
shape complementarity blunt ends, where blue ends stack to orange ends (Figure 3.4 b).
Successful crystallization requires apposite weak interactions between monomers to obtain
correct transient binding and dissociation rates for both nucleation and growth. In our
system, these stacking forces furthermore are highly dependent on the salt concentration
and the temperature. Thus the stacking strength can be regulated indirectly by tuning
one or both of these parameters.
As mentioned above, a great advantage of the triangular design with C3 symmetry is
that the polymerization conditions have the same eﬀects in all three directions. Under same
buﬀer conditions (11mmol L−1 Mg2+ and 0.5× TAE, pH 8.2 buﬀer), lower temperature
favors the blunt end formation with increased stacking interaction which will inhibit the
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dissociation of incorrect binding, while higher temperatures result in a much more fragile
interaction which prevents the growth.
Through ﬁne tuning, it was found that the critical temperature for polymerization is
about 47 ◦C. The polymerized origami structures were then characterized by both TEM
and SEM (Figure 3.8). For this, polymerized origami crystals were directly deposited
on TEM grids and stained with diluted uranyl acetate. TEM images showed a regular,
hexagonal pattern. We infer that due to the obtuse interaxial angle, polymerized origami
structures are easier to expand on 2D to form applanate structures. When dried and
collapsed on substrates, they tend to exhibit hexagonal lattices from a top view perspective.
As a comparison, Figure 3.11 gives a 3D model of the structures of diﬀerent viewpoints.
While regular bright spots in TEM images indicated the ordered assembly of origami
lattices in 3D, SEM revealed the surface morphology. Samples on TEM grids were sputtered
with gold/platinum for SEM analysis. Figure 3.8 d shows similar hexagonal patterns that
are consistent with TEM observations. Zoomed-in images show the over-under, over-
under, over-under design of single tensegrity triangle origami with at least three layers
visible. From low magniﬁcation TEM and SEM micrographs, crystallinity can be seen
more clearly (Figure 3.12-Figure 3.13). There are distinct boundaries between hexagonal
patterns and domains of hexagonal pattern with several micrometer scales were observed.
To get more insights about the 3D structures as well as to demonstrate the possibility to
host guest molecules, gold nanoparticles (AuNPs) were attached at the center of triangular
DNA origami. Puriﬁcation and conjugation of AuNPs to origami monomer followed the
published procedures.[107] The polymerization-conditions were as for the non-modiﬁed
structures. TEM analysis once again revealed a hexagonal pattern, in this case containing
the AuNPs as desired in groupings at three hexagonal vertices (Figure 3.8 f). The numbers
of nanoparticles indicated the number of origami layers in the lattice. Note that only
crystal growth of only a few layers showed a perfect hexagonal patterning and thicker
assembly tended to show a diﬀerent layout. Figure 3.8 g shows the gold nanoparticles in a
tilted origami lattices hence exhibiting nanoparticles rows.
Small-angle X-ray scattering (SAXS) data collected from the resultant AuNP-origami
assemblies showed several peaks at ordered positions with diﬀerent intensities indicating
a 3D periodic nanoparticles arrangement. In collaboration with Stefan Fischer and Kilian
Frank, data ﬁtting suggested a rhombohedral lattice, where a = b = c = 665 A˚ and
α = β = γ = 110.8◦[45], which is in a good agreement with our design and is comparable
to the reported DNA duplex crystal[99]. Some of the scattering peaks were also visible for
the pure DNA lattice. However, they are less pronounced as DNA soft materials scatters
less than metal materials.
76 3. DNA origami crystalline assembly
a c e
b d
f
g
Figure 3.8: Transmission electron microscopy and scanning electron microscope images of
single and polymerized triangle DNA origami structures. a & b, TEM images of agarose
gel puriﬁed tensegrity triangle DNA origami monomers without polymerization oligonu-
cleotides. c & e, TEM image of polymerized origami crystalline. The regular hexagonal
lattices indicated the periodic assembly. c & d, SEM images of polymerized origami crys-
talline. Hexagonal pattern is consistent with TEM images. White color arrows pointed
out diﬀerent layers of the assembly and here at least three layers are visible. f & g, TEM
images of DNA origami lattices incorporated with gold nanopartilces. Depends on how
the lattices dried on surface, they can exhibit gold nanoparticles groups in the hexagonal
pattern, or tilted gold nanoparticles lines.
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Figure 3.9: Small angle X-ray scattering data of gold nanoparticles lattices (black dots)
and DNA origami lattices (red dots). Data ﬁtting of the SAXS data of gold nanoparticles
lattice suggested the rhombohedral lattices with lattice constants of a = b = c = 665 A˚
and α = β = γ = 110.8◦.
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3.3.4 Summary
Figure 3.10: Table of contents of triangular origami assembly and gold nanoparticles in-
corporation.
The research area of DNA nanotechnology is triggered by the idea of programming
branched DNA junctions as scaﬀold to orient guest molecules. The simple rule of com-
plementary DNA hybridization provides access to the manipulation of nanocomponents
with eﬃcient control. Inspired by Chengde Mao & Ned Seeman’s triangle motif, here the
triangular DNA origami structures can polymerize into 3D micrometer-sized periodic lat-
tices. It also shows a prototypical example to scale up DNA origami-based self-assembly.
Characterization conﬁrmed the assembly of DNA origami lattices and the origami lattice
hosting guest nanoparticles. Instead of using nanoparticles as building blocks for crystalline
assembly[43][44], our DNA origami frameworks can simultaneously host diﬀerent sizes and
types of guest molecules for co-crystallization. Moreover, fully programmable DNA origami
structures provide various elementary units with controlled size, shape and interactions for
arbitrary lattice geometries. It can also build a robust platform to study the crucial aspects
during crystallization such as controlled nucleation and growth, coordinated assembly, as
well as the applications in photonic crystal and 3D metamaterials[182].
To demonstrate the universality for co-crystallization of multiple nanocomponents, fur-
ther experiments aim to host diﬀerent sizes and shapes of gold nanoparticles (Figure 3.15),
as well as diﬀerent numbers of gold nanoparticles. In order to obtain origami crystal with
high quality, homogeneities of single structures have to be improved and the polymerization
conditions need to be optimized to achieve the growth of DNA origami single crystal.
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Figure 3.11: 3D model of origami lattices with and without gold nanoparticles incorporated
from diﬀerent viewpoints.
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Figure 3.12: TEM images of zoomed-out view of DNA origami lattices.
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Figure 3.13: SEM images of zoomed-out view of DNA origami lattices. Images above are
the zoomed in view of area highlighted in red square.
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Figure 3.14: TEM images of zoomed-out view of DNA origami lattices with 10 nm gold
nanoparticles.
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Figure 3.15: TEM images of zoomed-out view of DNA origami lattices with 20 nm gold
nanoparticles without staining (contrast inverted).
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3.4 Challenges & Outlook
Structural DNA nanotechnology permits the designing, folding, and puriﬁcation of DNA
based nanostructures in a range of several ten to hundred nanometers. Templated-assembly
on DNA structures allows the precise positioning of guest nanocomponents into diﬀerent
assemblies. Moreover, polymerization of monomeric DNA nanostructures creates periodic
arrays in two or three dimensions, with the capability of templated-assembly being pre-
served.
This chapter focuses on DNA origami based nanostructure design, polymerization, and
the incorporation of nanoparticles. The cubic lattice represents a common and simple
crystal geometry. Towards this kind of crystal geometry, a DNA origami structure that in
principle can polymerize to cubic lattices is designed. However, due to the low folding yield
of the monomer and the uneven stacking strength at three directions, periodic assembly is
achieved only in a short range.
The second design is inspired by Chengde Mao & Ned Seeman’s DNA duplex based
triangular motif. In their design, three 19 bp duplex are interconnected using three Holliday
junctions. The over-under style enables the polymerization in three dimensions. Using
DNA-origami technique, a big version of such triangular structure is designed. The three
edges of 14HB are connected by three bases scaﬀold spacers. The origami monomer could
be folded from one-pot reaction, which avoided the time-consuming hierarchical assembly.
Incubation at constant temperature for a certain time, the triangular structures polymerize
into three dimensional origami lattice of tens of micrometers size. The large unit cell also
allows to host large guest components. Both 10 nm and 20 nm gold nanoparticles can be
co-crystallized into the origami lattices. Characterization of EM and small angle X-ray
diﬀraction conﬁrmed the formation of origami lattices and the successful incorporation of
gold nanoparticles.
Catalyzed by the idea to orient guest molecules on DNA frameworks from Ned Seeman,
DNA nanotechnology has grown rapidly in the last three decades. The polymerization
of triangular DNA origami nanostructures to three dimensions presented here expands
the dimensionality and scale of DNA-based self-assembly. Moreover, the design principle
exploits the possibility to create three dimensional lattices based on programmable DNA-
based building blocks of controlled size, shape, and interactions. This will enable the
creation of a robust crystallization system with deﬁned unit cell and cavity sizes. We
envision that with guest molecules spatially arranged in a three dimensional matrix, light-
matter interaction and reaction pathways among the guest molecules can be carefully
engineered with desired conﬁgurations. The insights obtained from such complex systems
will help to construct three dimensional structures for various purposes and applications.
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Chapter 4
Conclusion
This thesis demonstrates DNA enabled self-assembly, using the example of arranging
optically-active nanocomponents on individual DNA structures as well as on three di-
mensional origami lattices.
To place nanocomponents on DNA templates, the key is to ﬁnd a linker to attach
them to DNA. These linkers can be complementary DNA oligonucleotides, neutravidin, or
other dual linkers which have dual binding sites to nanoparticles and docking strands
on structures. Modiﬁed nanoparticles of interests should also be dispersible in ionic
strength without aggregation. Because a certain amount of Mg2+ concentration (for ex-
ample 11mmol L−1) in buﬀer is often required for stabilizing DNA nanostructures. Here,
I introduced the surface coating modiﬁcation methods for nanodiamonds (with enclosed
nitrogen-vacancy centers) using denatured denatured bovine serum albumin (BSA) that
is functionalised with PEG3000-biotin. The stabilizing forces include charge-charge and
hydrophobic interaction between negatively charged nanodiamonds surface and positively
charged BSA backbones. Site speciﬁc assembly on DNA structures is realized with the help
of neutravidins. For colloidal quantum dots, we ﬁnd that the important residues for QDs
modiﬁcation are not only thiol atoms from PTO (PhosphoroThioate Oligonucleotides)-
DNA but also the adenine (A) or guanine (G) bases. When PTO modiﬁed cytosine (C)
and thymine (T) are used to modify QDs, it does not give a condensed single QDs band on
agarose gel. This ﬁnding simpliﬁes the QDs surface modiﬁcation and allows to establish a
robust method to assemble gold-QD-gold hybrid trimers.
To spatially arrange nanocomponents in three dimensional matrices, two kinds of DNA
origami structures are designed. Periodic assembly with DNA origami building blocks are
demonstrated. In particular, the triangular origami structure with three-fold symmetry can
polymerize into three dimensional frameworks. Their large cavity size allows to incorporate
guest nanocomponents for co-crystallization. Using gold nanoparticles, the nanoparticles
co-crystallization is conﬁrmed by electron microscope and small-angle X-ray scattering.
Although with only poly-crystalline assembly is achieved, this structure may inspire other
types of monomer design towards large periodic DNA structures.
Structural DNA nanotechnology has shown the power to fabricate DNA nanostruc-
tures with rationally designed geometry, size, and topology for templated-assembly for
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guest components. With the eﬀorts from all scientists in the ﬁeld, further improvement
can be realized in DNA nanostructural quality, dynamic assembly, scaled-up assembly, as
well as the expanded applications in templated-assembly.[183] The design principles and
characterization techniques in DNA nanotechnology can be also used in other research
ﬁelds with self-assembling materials such as peptide nucleic acid (PNA)[184] or locked
nucleic acid (LNA)[185], as well as rationally designed protein motifs.[186][187]
Appendix: scaﬀold/staples layout of
DNA origami structures design
1. Nanopore structure origami design
2. Cubic structure origami design
3. Triangular structure origami design
All DNA origami structures are designed with the help of caDNAno (http://cadnano.org).
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C T C G T T T T C T G A A C T G T C T T C A C G G A C T T C G T  T G C T T T C C A G T T T A G C A A T A T C C G T T A T T G T T T C T C C C  G A T G T A AG A C C T G C C T C A A C C T C C T G T C A A T G C
TTGATTTATGGTCATT ACGCTTACTCCCATCCGAG ATAACACCTTCGTAATA CAAAGCAATCAGGCGA TGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGG CTC
G G T A A A G A C C T G A T T TC T C A C G C T G C T C G T T G A  G T T T T G A T T T T G C T G T T T C A A G C T C A A C A CA A T A A T T C G C C T C T G C G C G A T T T T G T A A C T T G G T A T TT G A  G G G T G G T G G C T C T G A G G G T G G C G G T T C T G A G G G
GAT GCAATCCGCTTTGCTTCTGACTATAATAGTCAG GCAGTTTCCCTACTGTTAGCGCAATAT TCTTGAT GTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATG TGGCGGCTCTGAGGGAGGCGGTTCG
T A T T T G A A G T C T T T C G G G C T T C C T C T T A A T C T T  T T TC C T C G T A A T T A A T  T T T G T T T G T G G T G G C T C T G G T T C C G G T G A T T T T
TCGAATTAAAACGCGA TTCTCCTG GTCGCGGCGTTTGATGT GTAATTCAAATGAAATT GTTAAATG GATTATGAAAAGATG
T G G T T C G C T T T G A A G CA T T G C T G G T T T C T T T C G T T T C C A T T A A A A A A GC A A A C G C T A A T A A G G G
TTTGCTTCCGGTC CCGTTCATCCAGCAGTTCC TTGATTTATGTACT GGCTATGACCGAAAATGC
T A A T C C T G A C C T G T T G G A GA G C A C A A T C G A T G C A C A T A T AC G A T G A A A A C G C G C T A C A G T C T G A
TCAAAAGGAGCAATTAAAGGTACTCTC GTGTT AGCAAGGTTATTCACT CGCTAAAGGCAAACTT
T A A G C C A T C C G C A A A A A T G A C C T C T T AA C C A A A G C G A C G A T T T A C A G AG A T T C T G T C G C T A C T G
ACAGCATTATATTCAGCAATTAAGCTC TTCAT GGGAAAATTAATTAAT ATTACGGTGCTGCTAT
T G C A T A T T T A A A A C A T G T T G A G C TG G A A A A G G T C G C T A T G T T T T C A A G G A T T C T A AC G A T G G T T T C A T T G G T G A
AACTTCCAGACACCGTACTTTAGT TCTGCGTC TTAATCTAAGCTA CGTTTCCGGCCTTGCTAATGGTAATGGTG
A A T T G G G A A T C A A C T G T T A T A T G G A A T G AA A T C C C C A G T C  G T C A T G C A T T G C C T G C T C T G C C A T G A T T T T G A T A A A T T C A C T A T T G A C T  C T T C T C A G C G T CC T A C T G G T G A T T T T G C T G G C T C T A
AAATGTATCTAATGGTCAAACTAAATCTACTCGTTCGCAG GCTTCACGCAGTGCCTGAGAGT T AACCTAAGCCGG AGGTTAAAAAGGTAGTCTCTCAGACCT ATTCCCAAATGGCTCAAGTCGGTG
G A A A A T A T A G C T A A A C A G G T T A T T G A C C A T T T G C GA  A T T T C G C T C A C T T C G A A C C T C T C T G T TG T T C T T T G T C T T G C G A T T G G A T T T G C A T C A G C A T T T A C A T A T A  G T T A T A T A A C C CA C G G T G A T A A T T C A C C T T T A A T G A A T A A T
AGCTCGCGCCCCAAAT TACTGATAAGTTCCAGATCCTCCTGGC AACTTGCACAAGTCCGACAA ATTTCAAACCATTAAATTTAGGTCA GAAGATGAAATTAACTAAAATATATTTGAAAAAGTTTTCTCGC TTCCGTCAATATTTAC
T T G A T G C C A C C T T T T C C C T G A A C G A C C A G G C G T C T  T C G T T C A T C T A T C G G A A T T C T T A T T T A  A C G C C T T A T T T A T C A C A C G G T C G G TC T T C C C T C C C T C A A T C
TTTATTGGATGTTAATGCTACTACTATTAGTAGAA TCGCCACACTCACAAC A TAGTAATTATGA TTCCGGTGTTT GGTTGAATGTCGCCCTTTTGTCTTTGGCG
T A T T G C T T A A T T T T G C T A A T T C T T T G C C T T G C C T G T A T G AA  T G A G T G G C A G A T A T A G C C T G G T G A A T T T G T A T A A C G C A T A T G A T A C T A A  A C A G G C T T T T T CC T G G T A A A C C A T A T G A A T T T T C T A
TTATGCTCTGAGGCTT GGTTCAGGCGGCGCATTTTTAT TGCTGTGTTGCGCTGTAATTCTTCT GGCTTTATACTGGTAA TTGATTGTGACAAAATAAACTTATTCCGTGGTGTCT TTGCGTTTCTT
T A C A A C C G A T T T A G C TA T T T C T G A T G C T G A A T C A A T G A T G T  C T G C C A T C T T T C A T T A A T C C C T C C T A C T G T T G A G C G T TT T A T A T G T T G C  C A C C T T T A T G T A T G T A T T T T C T A C G T T T G C T A A C A T
CTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGG GAACTGTTGGTTAATACGCATG A TGCCTAAATTACATGTTGGCGTT GTTAAATATGGCGATTCTCAATTAAGC ACTGCGTAATAAG
T T C T A A A A A T T T T T A T C C T T G C G T T G A A A T A A A G GG  G G T G A A T G C G A A T A A T A A A G C T T G G C A T T G T C G G T A C T T T A T A T T C T C T  T A T T A C T G G C T C G A A A A T G C C T CG A G T C T T A A T C A T G C C A G
AGGCATTGCATTTAAAATATATGAGGG CTGGCCGTCGTTTTACAACGTCGTGAC TGGGAAAC TCGT CTGGACAGAATTACTTTACCTT TTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGG
T T T T G A A T C T T T A C C T A C A C A T T A C T CC T G G C G T T  A C C C A A C T T A A T C G C C T T G C A G C A C A T T T A G C T G A A C A T G T T G T T T A T T  G T C GT T T C C T T C T G G T A A C T T T G T T C G G C T A T C T G C T T A C T
GATGGTGATTTGACTGTCTCCGGCCTTTCTCACCC CCCCCTTTCGCCAGCTGGCGTAATAGC G CTTGTTCAGGACTTATCTATTGT TGATAAACAGGCGCGTTCTGCA TTTCTTAAAAAGGGCTT
C G G C A T T A A T T T A T C A G C T A G A A C G G T T G A A T A T C A T A T TA  A G A G G C C C G C A T T T C T A C A T G C T C G T A  A A T T A G G A T G G G A T A T T A T T T T TG G T A A G A T A G C T A
AAATAGCTACCCTCTC CCGATCGCCCT TCCCAACAGTTGCGCAGCCTGAATG GGAAAGACA GCCGATTATTGATTGG TTGCTATTTCATTGTTTCTTGCTCTTA
T T T G T A G A T C T C T C A AG C G A A T G G C G C T T T G C C T G G T T T C C  G G C A C C A G A A G C G G T G C C G G A A A G C T G G C T G G A G T G C G A T C T TG A C T G G T T T A A T A C C C G T T C T T G  G A A T G A T A AT T A T T G G G C T T A A C T C A A T T C T T G T G G
CATCGATT CTCTTGTTTGCTCCAGACTCTCAGGCAATGACCTGATAGCC CCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTG A AAACGGCTTGCTTGTTCTCGATGAGTG GTTATCTCTCTGATATTAGCGCTCAATTACCCTCT
A C C G G G G T A C A T A T G A T T G A C A T G C T A G T T T T A C G A  T T A C C G T TG C A G A T G C A C G G T T A C G A T T A A T G A T T C C T A C G A T G A A A A T  AG A C T T T G T T C A G G G T G T T C A G T T A A T T C T C C C G T C T A A T G
TTTTTGGGGCTTTTCTGATTATCA GCGCCCATCTACACCAACGTGACCTAT CCCATTACGGC ACCGGATAAGCCTTCTATATCTG ATTTGCTTGCTATTGGGCGCGG CGCTTCCCTGTTTTTATG
T T T A A A T A T T T G C T T A T A C A A T C T T C C T GA A T C C G C C G T T T G C G C C T C G C G T T C T T A G A A TT T A T T C T C T C T G T A A A G G C T G C T A
AAATATTAACGTTTACAA TTCCCACGGAGAATCCGACGGGTT CCTCCCGCAAGTCGGGAGGTTCGCTAAAA TTTTCATTTTTGAC
A A T G C G A A T T T T A A C AG T T A C T C G C T C A C A T T A C T A A T C T T G A T T T A A G G C T T C A A A AG T T A A A C A A A A A A T C G
GATTTAACAAAAATTT TAATGTTGATGAAAGC TGGGTGCAAAATAGCA TTTCTTATTTGGATTGGGATAAATAA
G G T T A A A A A A T G A G C TT G G C T A C A G G A A G G C C A G G A T A A A A T T G T A G CT A T G G C T G T T T A T T T T G T A A C T G G C A
AGACGCGAATTATTTTTGATGGCGTTCCTATT AATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTC
AAGA CGA CTCAGCAG GGCCGCTTTTGCGGGATCGTCACC CGCTGAGGCTTGCAGGGAGTTAAA TATTCGGT ATA ACCG CATA
G A A C G A G G T A G C A AT A A T G C G CC G C T A C A GG G C G C G T AC T A T G G T TG C T T T G A C G A G C A C G TA A A C G T GC T T T C C T CA C A A C A A C C A T C G C C
CTAC CGG GCCGCGCT CCACACCC CAGCGGTCACGCTGCGCGTAACCA GAGCTAAA GTTAGAATCAGAGCGG ATG GACA CGCC
T G A G G A C TA A A G A C TT T T T C A T GA G G G G G C G C T A G G G C G C T G G C A A G T G T A G G A G G C C GA T T A A A G G G A T TT C T T A A A CA G C T T G A T A C C G A T A
GTAATGCC CGGGTAAAATAC AAA TTTCCATT AAGCGAAAGGAGCAAG ACGAAGGAAGGGAAG TGAATTTTAGACAGG TTTCGAGG TGC AGCT TATC GGTT
A A G G C A C C A A C C T T G GA G A T G A TA A A T G C A CT T C C G A G T C A C A G G A GA A T G G A T C C G A G A G T A C G C C A G A AT C C T G A G A G T G T T T TT A T A A T CA G T G C T C C A A A A G G A G
TGTTTTAAAAACGAAAGAGG GCGGGTTT CCGAGTAA GCCA CTCCAAAAAAAAGGAG
A A T A C A C TA A A A C A C TC A T C T T T C T A C G G A G G C G A A T A A T A A T T T T T T C A C G T T
TACCAAGC CCCCAGCGATTA TCGGAC ATTTCTGT AGGA ACAACTAA AGAAAGG
C A A A G T A C A A C G G A T TT A T T T T A T C T G A A T C A C G C A A A T T A G T T T C A G C G G A G T
GGGAGATTTGTATCAT CGCG ACT ATCCTCGC AGAAGAACACATAACA GCCTGAGT CATCACTT CTTTGATTAGTAATAA CAATACTT TAG GTTG ACAACTTTCAACAACC
T G T C G A A AT C C G C G AG A T T A A A CC C A A T A T TT C A AA C T AT C G G C C T TG C T G G T A AT A T C C A G AA C A A T A T TA C C G C C A GA A T G A A T T T T C T G T AT G G G A T T T
GCTCCATGTTAC CCT ATATAGAT TACAAAAC AACGCTCATGGAAACGATACTTGCCCTCTCTG ACAGGAA CCATTGCA GTA GTTA TTCCAGAC
G C C G GA A C G A G GC T G A T A C C G T G C A A A AT T A T T A T C A C G A G T A C G G T G G A A A T A C C T A C AT T T T G A C GC T C A A T C GA A A G T T T
AGACGGTCAATC CGC AGAAATGA AATGTGCG CAGATTCACCAGTCCCCATTCTGC TACATTGG GGATTATT TCTGAAAT TCT ACGA CGTA
A G G G A A C C GT G AA G G T T T A TA A G T C T A A T G A A G A C A A A T C A C A C G A C C A G T AA T A A A G G G A C A T T C TG G C C A A C AG A G A T A G C C T C A T A G
GGACAGAT TTGAAAGA AACTGACCAAC ACAAATATTCCA AAA CTTCTGACCTG AACC CAGACAGC GCATTCCA
T A C A G A C CG A T GA A G GT A T A G A TA T A G A G T CG G C G T A A G A A T AC G T G G C AC A G A C A A TC C A G T A C AA A C T A C A A
AGGCTGGC AGGCGCAT TTTATGTA GGTG GAA TTGTCTCCATGCAGACATCAC TAATGCGCGAACT TTAGTCTT CTA ATGG ATTTTTGA TTTCGTCA
A T C A A G A GT A A T C T T GA C A A G A AC C G G A G T GC A G A T C C G G T G T C G A T A G C C C T A A A A C A T A G G G A T A GC A A GC C C AA T A GG A A C C C A TG T A C C G T A
GCTGCTCA CAAA GTAA CAAC AAAT ACCC GTTTATTCATT CAAT TTAT ATTGGGCG CGAACCACGCAAAAAG CATTAAAAATACCGAA TCATTTTCCGC ACCC CACC GAGC CACCCTCA
A T A A G G C TT A C A T T G CA A G G A G TT T A T A A A T G A G T A T C AA T G A G T T AG A G T C T G A C A G C A G A AG A T A A A A C A G A G G T G AG G C G G T C AG T A T T A A C A C C G C C TC A G A A C C GC C A C C C T C
CGAGAAAC CTGA TGCC GACA AAAC GCTG TTA CCGT GATA GCT TGAGAGCCA CGC GCCA CAGT GCAA GCCACCCT
G A G T A G T AA A T T G G G CT T G A G A T G G T T T A A C A A G C A A A T A G C C C G GA A T A G G T G T A T CA C C GT A C T C A G G A G G T
CTTATGCG TTAC TGAA ATTG AATC CTTT ATAAATTTCAA TAC TATAAGTATGAA TTGA AGGG CGAG AGTGCCGT
A A C T G G C TC A T T A T A CC A G A T C T T A C T G T T T C A T C T A A A G C A TC A C C T T GC T G A A C C TG T T TT G C TC A G T A C C A
AATCTACG GGAAGAA GTTG GGAC TTCA TAT GGGTTGAG GAAGTACTCAAACATC GTTGAAAG AATCAACA AGTTGGC ATCTGGTC CAATCAAT CCT AAAC CAAATATC TTAGCGGG
A C G A A C T AA C G G A A C A C A T T A T T A C A G G T GT C A G A T G A T G A C C T T GA G G A A G G T T A T C T A A AT A T C T T T A G G A G C A CT A A T G A A A G T A T T A A G A G G C T G AG A C TC C T CA A G A G A A G
GAATACCA AGATTTAG GTTG ATCA ATTC GATGCCAGAGTCTGTAGTAGAAAG CTAATAGATTAGA CTGAAACACAA TATT GAACCTAT CTATTTCG
T A A T G C A GT T G T G A A AA T G C T G AA T T T C G C GT C G T C T T C A C A G C G C C G T C A A T A G A T A A T A C A T TG A G G A TT T A G A A G TG T A T A A A CA G T T A A T G
CGCCAAAA ATACATAA GATAACGC AAAA TGT GATCGGTTT CAA CAATTCGA AAA TTAC ATTAGACT CAGTGCCC
G A G G C A T AG T A T G G C AT T C G C A T C A A A G G A GA G T C G T A T T A A A T C C T T T GC C C G A A C GT T A C G G G GT C A G T G C C
ATCATAAC TCTGACGCAGAGCAACAC TTTAATTAATTTTAAAA ACTGGTAATAAG
T T T A C C A G A C G A CG A T G T A T C T G C A T A T G A T T GA G T A A C A T T A T C A G A TG A T A C A G G
AACCAAAA AGGATGCAGGTGAAAA GTTC GTCAATGG ACCACCAG TTTTTTTGCGGAACAAAGAA GTCATACATGGC
A G A G G C T T T T G C AA A G A A G T T T T G C A T T A C G GG G T T G G A G A A G G A G C G G A A TT A T C A T C AT A T T C T A CC G T T C C A G
AGTAAAAT GCTCAGAGGGGGTAT CATC ACG AACTATCGACATCATT CCGTTAGT TTGGATTATACTTGA ATATAATCCTGATTGT ATTCATCA GCA GATG ATTCTGATTATCAGAT GCGCAGTCTCTGA
G A C T G G A T A G C G TC C A A T A C TG C G G A T G AC C T G G A AG A G T T T C TG C G GC A G TT A A T C G A A C A A C T G A A T A A T G G A AG G G T T A G A C C T A C C AT A T C A A A AT T A T T T GC A C G T A A A A C A G A A A AG C C A G A A T
TTCATTGA TGGATCGTCATAAATA GCAC ACT TATCAAGC ACTCCTGT TTAACGTC AGGT TTTC GAT CGTA ATTAATAAAGAAATTG CAAATAAATCCTC
C C T C A A A T G C T T TA A A G G A A A C C A G T T T CT T G T T G TT C G CC A T CC T G G G A A G A T G A A TA T A C A G T AA C A G T A CC T T A G A C G A T T G G C C TT G A T A T T C
TTCAGAAA AGTCCGTGAAGACCAG ACGA GCA ACTGGAAA ATTGCTAA AGAAACAATAACGG GGG CATC GTTGAGGCAGGTCTTA GCATTGACAGGAG
A A T G A C C A T A A A TC A A T A T T A C G A A G G T GT T A T C T CG G A T G G G AG T A A G C G T T C G CC T G AT T G CT T T GG A G C C G CC A C C A G A AC C A C C A C CA G A G C C G C
TCAGGTCT CGAGCAGCGTGAGAAA TCAA AAC AAAATCAA GAAACAGC TTGAGCTT GAGGCGAATTATTGTG ATCGCGCA GTTACAAA AATACCAA TCA ACCC GAGCCACC CTCA CACC CCCTCAGAACCGC
C T G A C T A T T A T A GT C A G A A G CA A A GC G G AT T G C A T C A T A T T G C GC T A A C A G T A G G G A A A C T G C C A T T TC A A T T A C CT G A G C A A A A G A A G A T GA T G A A A C AA A C A T C AA G A C G G A A C C G C C T C CT C A G A G C
AAGACTTC AAGCCCG TTAAGAGG AAGA CGAGGAAA ATTAATTA CCAGAGCCACCACAAACAA AAAATCACCGGAA
T C G C G T T T T A A T TC G A A C A T CA A A C G C C G C G A CC A G G A G A A C A T T T A A C A A T T T C A T T T G A A T T A C C C AT C T T T T C A
TCAAAGCG AGAAACCAGCAATGCT GAA TTGCTTTTTTAATGGAA CCCTTATTAGCG
G A C C G G A A G C A A AG G A A C T G C T G G A T G A A C A G TA C A T A A A T C A A G C A T T T T C G G T C A
TCGATTGTGCTCTCCAACAGGTCAGGATTA GACTGTAGCGCGTTTTCATCGTATATGTG
G A G T A C C T TT A A T T G C TC C T T T T G A A A C A C T G A A T A A C C T T G C T A A G T T T G C C T T T A G C G
CGGATGGCTTA TTGGTTAAGAGGTCATTTTTG GTAAATCGTCGCT TAGCGACAGAATCTCT
C T T A A T T G C T G A A T A TA A T G C T G T A T G A A A T T A A T T A A T T T T C C C A T A G C A G C A C C G T A A T
ATGTTTTA AGCTCAAC CCTTTTCC GAAAACATAGC GAATCCTT AATGAAACCATCGTTA
A C T A A A G TA C G G T G T CT G G A A G T T G A C G C A T A G C T T A G A T T A A C A C C A T T A C C A T T A G CA A G G C C G G A A A C G
TTGATTCCCA TCATTCCATATAACAG GGGGATT GACT GAC AGAGCAGGCAATGCAT GGC AAAATCAT AATTTATC AGTCAATAGTG GACGCTGAGAAG ACCAGTAG AATC GCAA TAGAGCCA
C T G C G A A C G A G T AG A T T T A G TT T G AC C A TT A G A T A C AT T T A A C T C T C A G G C AC T G C G T G A A G C A G G T C T G A G A G A C T A CC T T T T T A AC C T C C G GC T T A G G T TC A C CG A C TT G A G C C A TT T G G G
ATATT GTTTAGCT ACCT AATA AAATGGTC TCGC GTGAGCGAAAT GGTTCGAA CAAAGAACAACAGAGA TCGCAAGA AAATCCAA GCTGATGC ATGTAAAT TAT TAAC GGGTTATA ATCACCGT GGTGAATT TCATTAAA
A T T T G G G GC G C GA G C TT T G T C G G AC T T GT G C AA G T T G C CA G G A G G A TC T G G A A C T A T C A G T A G C G A G A A A A C T T T T T CA A A T A T A T T T T A G T T AA T T T C A T CT T C T G A CC T A AA T T T A A T G G T T TG A A A T G T AA A T A T T G A
GAAAAGGT GTTCAGG GCCTGGTC AGAC CGATAGATGAACGA TAAATAAGAAT GCGT TAAATAAG AGGGAGGGAAGACCGACCGTGG
T T C T A C T AA T A G T A G TA G C A T T A AC A T C C A A T A A A T G T T G T G A G T G T G G C G A A C A C C GG A A T C A T A A T T A C T AC G C C A A A G A C A A A A G GG C G A C A T T C A A C C
AAATTAAG AGGCAAAGAATTAGCA TACAGGCA TTCA CAGGCTATATCTGCCACTCA TGCGTTATACAAATTC GTATCATA TTA CTGT GAAAAAG CCAG TTTA TCATATGG GAAAAT
T C A G A G C AT A A A G A A G A A T T A C A GC G C A A C A CA G C A A T A A A A AT G C GC C G C C T G A A C C A C C A G T A T A A A G C CA A G A A A C GC A A A G A CA C C A C G G A T A A G T T TA T T T T G T CA C A A T C A A
TAAATCGGTT CAGCATCAGAAATAGC GATT CATT ACAT CAG AAAGATGG GGATTAATG AACGCTCAACAGTAGG ATAA ACAT GCA GGTG TACATAAA AAAATACA AAACGTAG GTTAGC
C C A A A A A C A T T A TG A C C C T G TA A T A C T T TT G C G G G A GA A G T C A T G C G T A T T AA C C AA C A GT T C T T A A T T G A G A A T C GC C A T A T T TA A C A A C GC C A A C A T GT A A T T T A GG C A C T T A T T A C G C A G T
TTTTAG ATAAAAAT AAGG ACGC TTATTTCA CCCT TCGCATTCACC TTAT TTTA CCAAGC CAA AGTACCGA GAATATAA AGA AATA GAGCCAGT TTTC GCAT ATGATTAAGACTCGA
C C C T C A T AT A T T T T A A A T G C A A T GC C T G T T T T C C C A G T CA C G A C G T TG T A A A A C G A C G G C C A G G G T A A A G T AA T T C T G T CC A G A C G AC C G AG G A AA C G CA A T A A T A A C G G AA T A C C C A A A A G A A
ATTCAA AGGTAAAG TAATGTGT CCAGGGAG AACG GGT TTAAGTTG GTGCTGCAAGGCGA TGTTCAGCTAA AACA AAAC AAT CGAC GAAGGAAA AGTTACCA CCGAACA AGTAAGCAGATAG
G G G T G A G A A G GC C G GA G A C AG T CA A A T C A C CA T C C G C T A T T A C G C CA G C T G G C G A A A G G G G G C A G A A C G C G C C T G T T T AT C A A C A AT A G A T A A GT C C T G A A C A A G G A A G C C C T T T T T A
TAAATTAATGCCG ATGATATTCAACCGTTCTAGCTGA TAAT CGGGCCTCT GAGCATGT TAC AATAATATCCCATCCTAATT TAGCTATCTTACCAA
G G T A G C T A T T T C A T T C A G G C T G C GA A C T G T TG G G A A G G G C G A T C G G C A A T A A T CG G C T G T C T T T C C T A AG A G C A A G A A C A A T G A A A T A G
AGAGATCTA AAGCGCCATTCGCTTG GGCA ACCA GGAA GCC TGGT CTTC CGGCACCG CAGCTTTC AAGTACCGAAGATCGCACTCCAGC AACC ATTA GAACGGGT CAA TAATTATCATTC AAGCCCAA ATTGAGTT CCACAAG
G G C T A T C A G G T C AT T G C C T G AG A G T C T G GA G C A A A C A G A G A A T C G A T G C A GT T T G A G G GG A C G A C G AC A G T A T C GG C C T C A G G C A C T C A T CG A G A A C A AG C A A G C C G T T T T A G AG G G T A A T TG A G C G C T A T A T C A G AG A G A T A
ACCCCG ATGT TCAT TCAA CATG AAAACTAG TCGT TGCAACGGTAA ATCGTAACCGTGCATC AGGAATCATTA ATTTTCATCGT GTCT CAAA TGAA ACCC GAAC AATTAACT CATTAGACGGGAG
T G A T A A T CA G A A A A G C C C A A A A AG A C C G T A A T G G GA T A G G T C A C G T G G T G T A GA T G G G C G C C C GC G C C C A A T A G C A A G C A A A TC A G AT A T A G A A GG C T T A T C C G G T C A T A A A A C A G G G A A G
GCAAATAT CAAACGGCGGATTCAGGAAGATTGTATAA CTAAGAACGCGAGG AATAAATT TAGCAGCCTTTACAGAGAG
A A C G T T A A T A T T T A A CC C G T C G G AT T C T C C G T G G G T T T T A G C GA A C C T C C CG A C T T G C G G G A G G G T C A A A A A T G A
AATGTGAGCGAGTAACTGTTAAAATTCGCA AATCAAGATTAGT AACTTTTGAAGCCTT TTTTGTTT
A A A T T T T T G T T A A A T C G C T T C A T C A A C A T T A T G C T A T T T T G C A C C C A T T A T T T A T C C C A A T C C A A A T A
TCCTGTAGCCAAGCTCATTTTTTAA TTTT ACAA GTTACAAAATAAACAGCCATAGCT
A A T A G G A A C G C C A T C A A A AA T A A T T C G T T A C C A A C G C T A A C G A G C G T C T T TC C A G A G C C
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C A C A A C A A T G A G T G G C A G A T A T A G C C T G G T G G T T C A G G C G G C C T G A G T A C G G T G A T A C A C C T A T T C C G G G C T A T A C T T A T A T C A A C C C T C T C G A C
TCGTTCATCTATCGGATCGCCACACT GCATTTTTATTGCTG GTTCTGAGGGTGGCGGTACTAAACCTC GGCACTTATCCGCCTGGTACTGAGCA
C G A C A A C C C T G A A C G A C C A G G C G T C TG T G C G C T G T A A T T C T C T G A G G G T G G C G G T T C T G A G G G T G G C GA A A C C C C G C T A A T C C T A A T C C T T C T C
CCAGATCCTCCTGGCAACTTGCACAAGTC TCTATTTCTGATG TGCTATCCCTGAAAATGAGGGTGGTGGCT TTGAGGAGTCTCAGCCTCTTAAA
T C G A A C C T C T C T G T T T A C T G A T A A G T TC T G A A T C A A T G A T G T C T A C G G T A C A T G G G T T C C T A T T G G G C T T T C A T G T T T C A G A A T A A T A G G T T C C
AGTGCCTGAGAGTTAATTTCGCTCACT TGCCATCTTTCATTA AGGCGTTGTAGTTTGTACTGGTGACGAAACTCAGTGT GAAATAGGCAGGGGGC
A T T G C C T G C T C T G C C G C T T C A C G CT C C C T G A A C T G T T G G T T A T A C G C T A A C T A T G A G G G C T G T C T G T G G A A T G C T A CA T T A A C T G T T T A T A C G G G C
TCCCCAGTCGTCATGC ATACGCATGAGGGTGAATGCGAATAAT TGGAAAGACGACAAAACTTTAGATCGT ACTGTTACTCAAGGCACTGACCCCGTT
A A A G G T C T G C G T C A A AA A A G C T T G G C A C T G G C C G T C G T T T T A C C A T A C A G A A A A T T C A T T T A C T A A C G T CA A A A C T T A T T A C C A G T A C A C T C C T G T A
CACAATCGATGGTGTTACCAATTCATGGA AACGTCGTGACTGG AGTTGTTTAGCAAAATCC TCATCAAAAGCCATGTATGACGCTTACTGGAACGG
C T T T C C C G T T C A T C C A G C A G T T C C A GG A A A A C C C T G G C G T T A C G C T G A A A C T G T T G A AT A A A T T C A G A G A C T G C G C T T T C C A T T C T G G C T T T A A T
GGTCGCGGCGTTTGATGTATTGCTGGTTT CCCAACTTAATC TTCCTTTCTATTCTCACTC GAGGATTTATTTGTTTGTGAATATCAAGGCCAAT
A G T T T C C C T A C T G T T A G C G C A A T A T C C T C G T T C T C C TC C T T G C A G C A C A T C C  C C C T T T C G C C A G C T G G C G T A A T A G C G A A G A G GT C T G A G G G A G G C G G T T T T C A A C G T G A A A A A  A T T A T T A T T C G C A A T T C C T T T A G T T GC G T C T G A C C T G C C T C A A C C T C C T G T C
ACTCACGCTGCTCGTTGAGTTTTGATTTTGCTGTTTCAAGCTCAACACGC TAATACTGACCGCCTC AC CCCGCACCGATCGCCC AATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTG GCTCTGAGGGTGGCGGTTCTGAGGGTGCGGC
G T T T A G C A A T A C G C T T A C T C C C A T C C G A G A T A A C A C C T T C G T A A TC T  C T G T T T T A T C T T C T G C T G G T G G T T C G T T C G G T A T T T TC T T T A T T T C T G T T T T AT T G C T C A G G T A  A T T G A A A T G A A T A A T T C G C C T C T G C G C G A T T T T G T A A C T T G G T A T T C A A A G C A A T C A G
AGGAGTCTTCCCAGGATGGCG AACAACAAGAAACTGGTTTCCGTCTTCACGGACTTCGTTGCTTTCCA TAATGGCGATGTTTT GCGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGA CGTTAAACCTGAAAATCTACGCAATTT
C G A C C C C A A A A A A C T T G A T T T G G G T G A T G G T T C A C G T A G T G G G C C A T CT G  A T A G A C G G T T T T T C G C C C T T T G A C G T T G G A G T C C A C G T T C T T T A A T A G T G G A C T C T T G T T C C A A  A C T G G A A C A A C A C T C A A C C C T A T C T C G G G C T A T T C T T T T G A T
CGGCTTTCCCCGTCAAGCT CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCT GCCTCCTGTTTAGCTCCCGCTCTGATTCTAAC TCAA AAATATTGTCTGT TTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAA
C G A T A G T T A C T A A C G G G T C T T G T T C G A T T A A C T G C C G C A G A A A C  T C T T C C A G G T C A C C A G T G C A G T G C T T G A T A A CG G C T A T C A G T T C G C G C A T T A A A G A C T A A T A G  C C A TC A G G A T T T T C G C C T G C T G G G G C A A A C C A G C G T G G A C C G C T T G C T G C
AACCCCGTAATAGCGATGCGTAATGATGT AACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCA CTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCG ATTCATTAATGCGC
G C A G A T A C T C A C C T G C A T C C T G A A C C C A T T G A C C T C CG G C A T T C A C A C A G G A A A C A G C T A T G A C C A T G A T T A C G A A T T C G A G C T
GCGAATGCCAGCGTCAGACATCATAT CGACAGGTTTCCCGAC GTGAGCGGATAACAAT CGGTACCCGGGGATCCATTCTCCTGTG
C A A A A C C G A T C T C A C T C T C C T T T G A TT G G A A A G C G G G C A G T G A G C G C A A C G C  A A T T A A T G T G A G T T A G C T C A C T C A T T A G G C A C C C C A G G C T T T A C A C T T T A T G C T T C C G G C T C G T  A T G T T G T G T G G A A T TA C T C G G A A G T G C A T T T A T C A T C T C C A T
GGTCATCATCTGACACTACAGACTCTGGC ATCGCTGTGAAGACGACGCGAAATTCAGCATTTTCACAAGCGTTATCTTTTA AAAACAAAACCCGCCGTAGCGAGTTCAGATAAAATAAATCCC CGCGAGTGCGAGGATTGTTATGTAATATTGGGTTT
C T G G A G T G C G A T C T T C C T G A G G C C G A T A C T G T C G T C G T C C C C T C A A A  C T G G C A G A T G C A C G G T T A C G A T G CA G T A CA A T C A T C T A T A T G T T TT T C C T A T T G G T T A A A A A A T  G A G C T G A T T T A A C A A A A A T T T A A T G C G A A T T T T A A C A A A A T A T T A A C G T T T A C A A T T T
TTCCCAACAGTTGCGCAGCCTGAATGGCGAAT GGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGG AGGTGATGCTTTAGATTTTTCATTTGCTGCT GGCTCTCAGCGTGGCACTGTTGCAGGCGGTGT AAATATTTGCTTATACAATCTTCCTGT
A C C C A A C C T A A G C C G G A G G T T A A A A A G G T A G T C T C T C A G A C C T T G A G G G T T T G A T A T T T G A G G T T C A G C AT T T T G G G G C T T T T C T G A T T A T C A A C C G
TCAGCATTTACATATAGTTATATA ATGATTTTGATAAATTCAC TCAACTGTTGATTTGCCAACTGACCAGATATTGAT GGGTACATATGATTGACAT
G C G T T C T T T G T C T T G C G A T T G G A T T T G C AT A T T G A C T C T T C T C C T A A A G A T A T T T T A G A T A A C C T T C C T C A A T T C C T TG C T A G T T T T A C G A
TAAAATATATTTGAAAAAGTTTTCTC CAGCGTCTTAATCTAA CTAATCTATTAGTTGTTAGTGCT TTACCGTTCATCGATTCTCTTGTTTG
A A T T T A G G T C A G A A G A T G A A A T T A A CG C T A T C G C T A T G T T T T C C T C A A A T G T A T T A T C T A T T G A C G G C TC T C C A G A C T C T C A G G C A A T G A C C T G A
TATCACACGGTCGGTATTTCAAACCATTA CAAGGATTCTAAG ATTGTTTGTAAAGTCTAATACTTCTAAAT TAGCCTTTGTAGATCTCTCAAAAA
T T T A T T C T T A T T T A A C G C C T T A T TG G A A A A T T A A T T A A T A G C G A A A G G A T T T A A T A C G A G T T G T C G AT G C T A C C C T C T C C G G C A T T A A T T T A T C A G
CTTTTTCTAGTAATTATGATTCCGGTG ACGATTTACAGAAGCA AACTTTTAAAATTAATAACGTTCGGGC CTAGAACGGTTGAATATCATATTGATG
T G T A T A A C G C A T A T G A T A C T A A A C A G GA G G T T A T T C A C T C A C A T G T T C C G C A A A A T G A T A A T G T T A C T C AG T G A T T T G A C T G T C T C C G G C C T T T C T C
ACTGGTAAGAATT TATATTGATTTATGTACTGTTTCCATTAA TTCCGCTCCTTCTGGTGGTTTCTT ACCCTTTTGAATCTTTACCTACACATTACT
G T T G A G C G T T G G C T T T A TA A A G G T A A T T C A A A T G A A A T T G T T T C A T C T G A T A A T C A G G A A T A T G A T G A T A AC A G G C A T T G C A T T T A A A A T A T A T G
CGTTGTTAAATATGGCGATTCTCAATTAAGCCCTACT AAATG AATCAGGATTATATTGATGAATTGCCA AGGGTTCTAAAAATTTTTATCCTTGC
A A T G C C T C T G C C T A A A T T A C A T G T T G GT A A T T A A T T T T G T T T  T C T T G A T G T T T G T T T C A T C A T C T T C T TC G T G C A A A T A A T T T T G A T A T G G T A G G T T C T A A C C C T T  C C A T T A T T C A G A A G T A T A A T C C A A A CG T T G A A A T A A A G G C T T
ACAGAATTACTTT ACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAA TAGCAACTAATCTTG ATCAAAAGGAGCAATT CTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAA CCGATTTAGCTTTATGCTC
C A A A T T A G G C T C T G G A A A G A C G C T C G T T A G C G T T G G T A A G A T  T C A G G A T A A A A T T G T A G C T G G G T G C A A A AA A A G G T A C T C T C T A A T C C T G A C C T G T T G G A G T T T G  C T T C C G G T C T G G T T C G C T T T G A A G C T C G A A T T A A A A C G C G A T A T T T G
TGGCTGTTTATTTTGTAACTGG AAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGC TTCTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAA CTGTTTAAAGCATTTGAGGG
T T C T T A T T T G G A T T G G G A T A A A T A A T AG G A T T C A A T G A A T A T T G C A T T A G T T G A A T G T G G T A T T C C T A A A T C T C A A C T G A T G A A T C
TTAAACAAAAAATCGT TATGACGATTCCGCAGTATTGGACGCT CGTAATTCCTTTTGGCGTTATGTATCT TTTCTACCTGTAATAA
A T T T T C A T T T T T G A C GA T C C A G T C T A A A C A T T T T A C T A T T A C C C C C T  C T G G C A A A A C T T C T T T T G C A A A A G C C T C T C G C T A T T T T G G T T T T T A T C G T C G T C T G G T A A A C G A  G G G T T A T G A T A G T G T T G C T C T T A C T A T G C C TT G T T G T T C C G T T A G T T
TGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGT CTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCT CGTTTTATTAACGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAA TGAGCCAGTTCTTAAAATCGCATAAGGTA
G T C G G T G A C G G T G A T A A T T C A C C T T T A A T G A A T A A T T T C C G T  C A A T A T T T A C C T T C C C T C CG C G C T C A A T T A C C C T CA T T C AA A G A T G A G T G T T T T A G T G T A T T C T  T T T G C C T C T T T C G T T T T A G G T T G G T G C C T T C G T A G T G G C A T T A C G T A T T T T A
GGCTCTAATTCCCAAATGGCTCAA CCGGTGGTGGCTCTGGTTCCGGTGATT TTGATTATGAAAAGATGG AAATTCACCTCGAAAGCAAGCTGATAAACCGATA CAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGA CCCGTTTAATGGAAACTT
G T A A T G G T G C T A C T G G T G A T T T T G C TA A A C G C T A A T A A G G G G C A A C T A T C G G T A T C A A G C T G T T T A A GC C T C A T G A A A A A G T C T T T A G T C C T C A
GGCCTTGCTAATG GGCTATGACCGAAAATGCCGATGAAAACG GCGATGGTTGTTGTCATTGTCGGC AAGCCTCTGTAGCCGTTGCTACCCTCGTT
T T T C A T T G G T G A C G T T T C CC G C T A C A G T C T G A C G C T A A A G G C A C A G C G A C C G A A T A T A T C G G T T A T G C G T G GC C G A T G C T G T C T T T C G C T G
AACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGG CTGAGGGTGACGATCCCGCAAAAGCGGCCTTTAACTCCCTGCAAGCCT
A T A C C C G T T C T T G G A A T G A T A A G G A A A G A C A G C C G A T T A T T G A C C T T T A T G T A T G T A T T T T C T A C G T T T G C T A A C A T A C T G C G T
TGTTCTCGATGAGTGCGGTACTTGGTTTA ATTGGTTTCTACA TTTCTTTTATATGTTGCC AATAAGGAGTCTTAATCATGCCAG
C G A T G A A A A T A A A A A C G G C T T G C TT G C T C G T A A A T T A G G A T G G A A C T T A T T C C G T G G T G T C T T T G C GT T C T T T T G G G T A T T C C G T T A T T A T T G C G T T
TGCTATTGGGCGCGGTAATGATTCCTA GATATTATTTTTCTTG GAATTTTCTATTGATTGTGACAAAATA TCCTCGGTTTCCTTCTGGTAACTTTT
G G A T A A G C C T T C T A T A T C T G A T T T G C TT T C A G G A C T T A T C T A T T G T T  G A T A A A C A G G C G C G T T C T G C A T T A G C T G A A C A T G T T GT G A T A T T A C T C A A T C G G T T G A A T G T C G  C C C T T T T G T C T T T G G C G C T G G T A A A C C A T A TT C G G C T A T C T G C T T A C T T T T C T T A A A A
TTTAAGGCTTCAAAACCTC CCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACC TTTATTGTCGTCGTCTGG AGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCT TAACTCAATTCTTGTGGGTTATCCTC
G A T A C T C A T T T A T A A A C T C C T T G C A A T G T A T G T C G T T T C A G C T A A A C G G T A T  C A G C A A T G T T T A T G T A A A G A A A C A G T A A G A T AC C T T C T C G C C A C G T T C G CG A G G A A A G C A C G T  T A T A C G T G C T C G T C A A A G C A A C C A T A G T A C G C G C C C T G T A G C G G C G C A T T A A
ACTCTAACTCATT GCCCATCTACACC AACGTGACCTATCCCATTACGGTCAATCCGCCGTTTGT ATACTCAACCCGATGTTT GCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGC CCTAGCGCCCGCTCCTTTCGCTTTCTTCCTT
T C T T T T T G C T C A GC C C A C G G A G A A T C C G A C G G G T T G T T A C T C T C C T G T T G C A A T G G C T G G C G G T A A T A T T G T T C T G G A T A T T A C C A G C A A G G C C G
CAAGACACCGGATCTGCACAACATTGATAACGCCCAA GCTCA TTTCCATGAGCGTTTT ATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTAT
C A T C T A C A T A A A C A C C T T C G T G A T G T C T G C A T G G A G AC A T T T C G T C A A A A T G T A G G T AT A C T A A T C A A A G A A G T A T T G C T A C A A C G G T T A A T T T G
TTTGTATGCCGACTCTATATCTATACCTT AATGTTGATGAAA TGAATCTGCCAATGTAAATAATCCATTTCAGACGATTGAG CGTGATGGACAGA
T C A T T A G A C T T A T A A A C C T T C A T G G A A T AG C T G G C T A C A G G A A G G C C A G A C G  C G A A T T A T T T T T G A T G G C GT G T A C A G A G A G G GA C G C T T T C A G G T C A G A A G G G T T C T A T C T C T G T  T G G C C A G A A T G T C C C T T T T A T T A C T G G T C G T G T G A C T G GC T C T T T T A C T C G G
CAAGTATCGTTTCCACCGTACTCGTGATAATA ATTTTGCACGGTATCAGTCATTTCTCGCACATTGCAGAATGGGGATTTGTCT GCCACGTATTCTT TGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTG TCTAAAATCCCTTTAATCG
T T G A G C T A C A G C A T T A T A T T C A G C A A T T A A G C T C T A A G C C A T C C G C A  A A A A T G A C C T C T TT G A G G C T T T A T T G C A T C T C A A G C C C A A T T T A C T A C T C G T T C T G G T G T T T C  T C G T C A G G G C A A G C C T T A T T C A C T G A A T G A G C A G C T T T G T T A C G T T G A T T T G G G T A A T
CAGACACCGTACTTTAGTTGCATATTTAAAACATG TTAATTTTGCTAATTCTTTGCCTTGCC TGTATGATTTAT CAATGATTAAAGTTGAAATTAAAC TACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAA TCGCTGGGGGTCA GAATATCCGGTTCTTGTCA
A A T T G G G A A T C A A C T G T T A T A T G G A A T G A A A C T T CT G G A T G T T G G T C G C G G A T T T C G A C A C A A T T T A T C A G G C G A T G AA T T A C T
GGTCAAACTAAATCTACTCGTTCGCAG AATGCTACTACTATTA CTCGTTCCGGCTAAGTAACATGGAGCA CTTGATGAAGGTCAGC
A T T G A C C A T T T G C G A A A T G T A T C T A A TG T A G A A T T G A T G C C A C G G T T C C C T T A T G A T T G A C C G T C T G C G CC A G C C T A T G C G C C T G G
CTTTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTT TCTGTACACCGTTCATCTGTCCTCTTTCAAAGTTGGTCAGTTC
CCAGGCTATATCTGCCACTCAT GCCGCCTGAACCA GTATCACCGTACTCAG ATATAAGTATAGCCCGGAATAGGT GGGTTG
G A T A G A T GA A C G A A C A G C A A T A A A A A T G C G A G G T T T A G T A C C G C CA C C C T C A GA A C T G C T C A G T A C C A G G C G G A
AACAGACGCCTGGTCGTTCAG AGAATTACAGCGC ACCCTCAG GAACCGCC ATTAGCGGGGTTTCGCCACCCTC
T G C C A G G A G G A T C T G G C A T C A G A A A T A G A A G C C A C C A C C C T C A T TT T C A G G G AT A G C A T A T T A A G A G G C T G A G A
AGTAAACA AACTTATC GACATCATTGATTCAG AAGAGCCCAATAGGAACCCATGTACCGTA AAACATGA TTATTCTG
T T A A C T C TC A G G C A C T T A A T G A AA G A T G G C A A C A C T G A G T T T C GT C A C C A G TA C A A A C T A C A A C G C C TG C C C C C T G
CGGCAGAG ACCAACAGTTCAGGGAGCGTGAAG AGCCCTCATAGTTAGCGTA CCACAGAC AACAGTTAATGTAGCATT
A C T G G G G A T T A T T C GC A T T C A C CC T C A T G C G A C GA T C T A A A GT T T T G T C GT C T T T C C AA A C GG G G TC A G T G C C T
TTTGACGC GCCAGTGCCAAGCTTT AAACGAC GTA TTTTCTGT TAAATGAA GACGTTAG TAAGTTTT ACTGGTAA
T T G G T A A CA C C A T C G A T T G T G C C A G T C A C G A C G T T A T T T T G C T A A A C A A C T C C G T T C C AG T A A G C G TC A T A C A T G G
TTCCTGGAACTGCTGGATGAA TAACGCCAGGGTT TTTCAGCG TTCAACAG GCAGTCTCTGAATTTA TGGAAAGC
A A T A CA T C A A A C GC C G C G A C C C G A T T A A G T T G G G G A G T G A G A A T A G A A A GG A A A T T G GC C T T G A T AT T C A C A A A C A A A
TGCGCTAA GAGGATAT AGGAGAAC GGATGTGCTGCAAGG CGAAAGGG CCAGCTGG CCCTCAGACCTCTTCGCTATTACG AACCGCCT GTTGAAAA TTTTTCAC TAATAAT ATTGCGAA AGGA CTAA AGACGCAA GGCAGGTC GTTGA
G A A A C A G CA A A A T C A AA A C T C A A CG A G C A G C G T G A G T G TG A G G C G G TC A G T A T T AG G G C G A T CG G T G C G G G G C C G C C A C C C T C A G A AC C G C C A C C T C A G A G C C A C C A C CC T C AG A G CC G C C A C C AG A A C C A C CA C C AG A G C
GTAT AAGC GAGT ATGG TATCTCGG AGATTACGAAGGTGT GCAGAAGATAAAACAG AACCACCA ACCGAACG CAATAAAACAGAAATAAAGAAAAT TACCTGAG TTTCAAT ATTATTCA AGAGGCG GCGC AATC AGTTACAA ACCA GAAT
A A C G A A G TC C G T G A A GA C G GA A A CC A G T T T C TT G T T G T T C G C C A T C CT G G G A A G A C T C C T T A A A A C A T C G CC A T T A A A AT T G C G T A GA T T T T C A G G T T T A A C G T C A G A T GA A T A T A C AG T A A C A G TA C C T T T T AC A T C G G G AG A A A C A A T
TCACCCAAATCAAGTT GTGAACCA CTAC CAGATGGCCCA CCGTCTAT GCGAAAAA GTCAAAG GAACGTGGACTCCAAC CTATTAAA AGAGTCCA TTGGAACA TTCCAGT GAGTGTTG AGCCCGAGATAGGGTT
A G C AC T A AA T C G G A A CC C T A A A G GG A G C C C C C G A T T T A GA G C T T G A CG G G G A A A GC C G G T T A G A A T C A G A GC G G G A G C TA A A C A G G AG G C A C A G A C A A T A T T TT T G A T T TG A T G G T G G T T C C G A A AT C G G C A A A T C C C T
TTAGTAAC AAGACCCG GAAC AATC CGGCAGTT GTTTCTG CTGGAAGA GCACTGCACTGGTGAC GTTATCAA GATAGCCC CTTTAATGCGCGAACT CTATTAGT CGAAAATCCTGATGG CCAGCAGG TGCC GGTT TCCACGCT AAGCGG
A T T A C G C AT C G C T A T T A C G G G G T TG C T G C A T TA A T G A A T C G G C C A A C G C G C G G G GA A G G C G GT T T G C G T AT T G G G C G C C A G G G T G GT T T T T C T TT T C A C C A G T G A G A C GG G C A A C A GC T G A T T G CC C T T C A C CG C C T G G C C C T G A
AGGATGCAGGTG GTTC ATGG TGCCAGGAGGTCA CTGTTTCC GTAATCATGGTCATAG TCGAATTC AGC
C G C T G G C A T T C G C G T C G G G A A A C C T G T C G A T T G T T A T C C G C T C A C A C A G G A GA A T G G A T CC C C G G G
CCAATCAAAGGAGAGTGAGA CCCGCTTT CTCACTG GCGTTGCG CATTAATT CTAACTCA TGAGTGAG AGCCTGGGGTGCCTAA AAGTGTAA GAAGCATA ACGAGCC ACAACAT AATTCCAC AAATGCACTTCCGAGT GAGATGAT ATG
T T G T G A A AA T G C T G A A T T T C G C G TC G T C T T C AC A G C G A T G C C A G A G T C T G T A G T GT C A G A T G A T G A C C A A A C C C A A T A TT A C A T A A CA A T C C T C GC A C T C G C G G G G A T T TA T T T T A T C T G A AC T C GC T A C G G C G G G T T
GAAGATCG TCAG GGCC GGACGACGACAGTATC TTTGAGG TCTGCCAG ATTGTACTGCATCGTAACCGTGCA TATAGATG ACCAATAGGAAAAACA ATTTTTTA TCAGCTC TTAAATTTTTGTTAAA AATTCGCA TTAA TTTG AACGTTAATAT
C C G G C A C CG C T T C T G GT G C CG G A AA C C A G G C A A A G C G C CA T T C G C C AT T C A G G C TG C G C A A C T G T T G G G A AC A C C G C CT G C A A C A G T G C C A C G CT G A G A G C C A G C A G C A A T G A A A AA T C T A A A GC A T C A C C TA C A G G A A GA T T G T A T A
CTTA CCGG TTTAACCT ACTACCTT GTCTGAGAG TCAAACCC AATA CTCA GAAC TGCT CCCCAAAA CAGAAAAG
T A T A T G T A A A T G C T G AG T G A A T T TA T C A A A A T C A T A A T A T C T GG T C A GT T GG C A A A T C AA C A G T T G AA T G T C A A T C A T
CAATCGCA TGCAAATC AGAAGAGTCAATA AATATCTT TTATCTAA GAGGAAGG AAGGAATT CTAGC
C A A A T A T AT T T T A T T A G A T T A A G A C G C T G C T A AC A A CT A A T A G A TT A G C A A A CA A G A G A A TC G A T G A
AGCGTTAATTTCATCT CATAGCGAT GATAATAC CGTCAATA TGGAGAG TGAGAGTC TTGCC
T A C C G A C C G T G T G A T AC T T A G A A T C C A T T T A G A AG T A T T A G AC T T T A C A A A C A A T T T T T T G A G A G AT C T A C A A
GTTAAATA AATAAGGC CGCTATTAATTAATTTTCC TTT AACTCGTATTAAATCC CTATCGAC GAGGGTAG ATTAATGCCGGA
T C A T A A T T A C T AG A A AA A G T G C T T C T G T A A A TC G T C G A A C G T TA T T A A T T T T A A A A G T TC A T C A A T AT G A T A T T C
TCATATGC GTTTAGTA TGTGAGTGAATAACCTCCT CGGA TTTG ATTATCAT TGAGTAAC CAAATCAC GAGACAGT
C C A G T T T TA A T G G A A AC A G T A C A TA A A T C A A T A T A A A A C C A C CA G A A G G A G C G G A A A G TA A T GT G T AG G T A A A G A
TTTATAAAGCCAA GAATTACC ATTTCATTT CCTGATTA ATCATATT CTGTTATC TGCAATGC
T T A A T T G A G A A T CG C C AT A T T T A A C A A C G C A T T T C A T C A A T AT A A T C C T GA T T G C A A G G A T A A A A AT T T T T A
AGGC GCAG TAATTTAG CATG CCAA ATTAATTA AAACAAA CATCAAGA GAAACAAA GCACGAAGAAGATGAT AATTATTT CATATCAA AAGGGTTAGAACCTAC ATAATGG ACTTCTGA TGGATTAT CCTTTATTTCAACGT AAG
G A G C C A G T A A T A A G A GA A T A T A A A G T A C C G A CA A A A G G T A A A G T A A T T C T G T T C A G A T T A G T T G C T A A A T T G C T C C T TT T G A T G A GC A T A A A G CT A A A T C G G T T G T A C CA A A A A C A TT A T G A C C CT G T A A T A CT T T T G C G GG A G
AGCCTAAT ACGAGCGTCTTTCCAG CAACGCTA ATCTTAC TATCCTGA TTTTTTTGCACCCAGCTACAATTT AACAGGTCAGGATTAGAGAGTACC CAAACTCC CCGGAAG TTCAAAGCGAACCAGA ATTCGAGC GCGTTTTA
A C A A AA T A A A C A GC C A C C C T C A A A T G C T T T A A A C A GT T C A G A A AA C G A G A A TG A C C A T A A A T C A A A A AT C A G G T C TT T A C C C T G A C T A T T A TA G T C A G A A G C A A A G CG G A T T G C AT C A A A A A GA T T A A G A GG A A G C C C GA A A G A C T T
AATAAGAA CCAATCCA TATTCATTGAATCCTATTATTTATC TCAAC TACCACAT TTTAGGAA AGTTGAGA GATTCATC
A C G A T T T T T T G T T T A AA G C G T C C A T A C T G C GG A A T C G T C T A C A T A A CG C C A A A A G A A T T A C GT T A T T A C A
ATGAAAAT CGTCAAAA AATGTTTAGACTGGAT AATAGTAA AGGGGGT CTTTTGCAAAAGAAGTTTTGCCAG GCGAGAGG CAGACGACGATAAAAACCAAAATA TCGTTTAC ATAACCC ACACTATC TAAGAGCA AGGCATAG GAACAAC
C A G A GA G A A T A A CA T A A A A A C A G G G A A G CG C A T T A G A C G G G A G A T T A A C T G A A C A C C C TG A A C A A A GT C A T A C C TT A T G C G A T T T T A A G A A C T G G C T C AT T A T A C CA G T C A G G AC G T T G G G A A G A A A A A TC T A C G T T A
CCGTCACC AATTATCA TAAAGGTG ACGGAAATTATTCA AAATATTG GGGAAGGT CTCATCTTTGAATGAGGGTAATTGAGCGCGGA TAAAACA AGAATACAC AGGCAAA AACGAAAG CAACCTAA GCCACTACGAAGGCAC
A G C C A T T TG G G A A T T AG A G C C C C AT C T T T T C AT A A T C A A A A T C A C C GG A A C C A G AG C C AC C A CC G G T C T C C A A A A A A A AG G C T C C A A A G G A G C CT T T A A T T G T A T C G G T T T A T C A G CT T G C T T T CG A G G T G A AT T T A A G T T T C C A T
GTAGC AATCACCA TTGAGCAA CCCTTATTAGCG ATAGTTGC TGATACCG AGCT AAAC TGAGGCTT CTTTTTCA
A G G C CC G T TT T C AT C G G C A T TT T C G G T C A T A G C C G C C G A C A AT G A CA A C AA C C A T C G CA A C G A G G GT A G C A A C G
CTGTAGCGGGAAACGT GCGTCAGA TGCCTTTA TATTCGGTCGCTG AACCGATA AGCATCGGCCACGCAT CGAAAGAC
A G C A C C G TA A T C A G T AG C G A C A G A A T C A A G T T T T G C A G G G A G T T A A A G GC C G C T T T TG C G G G A T CG T C A C C
ATTC TATC TCTTTCCT CAATAATCGGCTG CATACATA AATA AGAA GCAAACGT TGTTA
G T A C CG C A C T C A TC G A G A A C AT G T A G A A A C C A A T G G C A A C A T A T A A A A G A A A C T GG C A T G A T T
TTTCATCG TTAT GTTT AGCC AGCA TACGAGCA CCATCCTAATT ATAA CGGA AGACACCA GAACGCA ACCCAAAA AACGGAAT
A A T CA T T A C C G CG C C C A A T AG C A C A A G A A A A A T A A T T T T G T C A CA A T CA A T A G A A A A T T CA C A AA G T TA C C A G A A G
TATAGAAG AAATCAGA CTGAAAGC GATAAGTC AACAATA AACGCGCCTGTTTATC TAATGCAG TGTTCAGC AACCGATTGAGTAATATCACAACA CGACATTC AAAAGGG CCAAAGAC TACCAGCG ATATGGTT ATAGCCGA GTAAGCAG
A A G A A C G CG A G GC G T TT T A G C G A A C C T C C C G AC T T G C G G G A G G T T T TG A A G C C T T A A A C C A G A C G A C G A C AA T A A A G A GA G A T A A C C CA C A A G A A T T G A G T T A A G C C C A AT A A T A A G A G C A A G A A AC A A T G A A AT A G CA A T A G C T A T C T T A
ACATTGCAAGGAGTTTATAAA AACGACAT ATACCGTTTAGCTG CATTGCTG TACATAAA GAGAAAGGTATCTTACTGTTTCTT AACGTGGC TCCTCGCG ACGTGCTT ACGTATA TGACGAGC ACAGGGCGCGTACTATGGTTGCTT TGCGCCGCT
A A C A A A C GG C G GA T T GA C C G T A A TG G G A T A G GT C A C G T T G G T G T A G AT G G G C C A A C A T C G G GT T G A G T A T A A G G G A A G A A A G C G A AG G A G C G G C G C T A G G G C G C T G GC A A G T G T AG C G G T C A CG C T G C G C GT A A C C A C C
TCGGATTCTCCGTGGGCTGAG ACAACCCG CAACAGGA AGCCATTG GAACAATATTACCGCC AATATCCA
A T G T T G T GC A G A T C C G G T G T C T T G T G A G C A A A A C G C TC A T G G A A AA T A A C A T CA C T T G C C TG A G T A G A A G A A C T
ACGAAGGTGTTTA CAGACATC AAATGTCTCCATG TACCTACATTTTGACG ACTTCTTTGATTAGTA GTAGCAAT
A G A G T C G G C A T A C A A A T T T C A T C A A C A T T C T C A A T C G T C T G A A A TG G A TT A T T T A C A T T G G C A G A T T C A T C T G T
GAAGGTTT CCAT TATT TAGCCAGC CGTCTGGCCTTCCTG ATAATTCG CATCAAAA GTACACG GAAAGCGTCCCTCTCT TCTGACCT AGAACCC ACAGAGAT CTGGCCA GGGACATT TAATAAAA CCAG ACGA TCAC CCAG AAGAG
T T C T G C A A T G T G C G A GA A A T G A C TG A T AC C G TG C A A A A T T A T T A T C A C G A G T A C G T G G A A A CG A T A C T T G A A G A A T A C G T G G C C G AT T A A A G G GA T T T T A G A C A G G A A C G G T A C G C CA G A A T C C TG A G A A G T G T T T T T A T A A T C A G
TAATGCTG GGCTTAGAGCTTAATTGCTGAAT TGCGGAT GTCATTTT ATAAAGCCTCAAAGA AGATGGC AGAACGAGTAGTAAATTGGGCTT GAAACACC CTGACGA GTGAATAAGGCTTGCC TTCA CTCA AATCAACGTAACAAAGCTG
C A T G T T T TA A A T A T G CA A C T A A A GT A C G G T G TC T G A T A A A T C A T A C A G G C A A G G CA A A G A A T TA G C A A A A T T A A G T T T A A T T T C A A CT T T A A T C A T T G T G A C C C C C A G C G AT T A T A C CA A G C G C G A A C A A A G TA C A A C G G AG A T T T G T AT G A C A A G A
TCCC CAGTTGAT AACATCCAGAAGTTTCATTCCATATAA TGTGTCGAAATCCGCGACC TGATAAAT AGTAATCTTCATCGCC
C T G C G A A C G A G T A G A TT T A G T T T GA C C T A A T A G T A G T A G C A T C C A T G T TA C T T A G C C G G A A C G A GG C T G A C C T C A T C A A G
TGGTCAAT TTCGCAAA TCTACATTAGATACAT GCATCAAT ATAAGGGAACC GGTCAATC GCGCAGAC ATAGGCTG CCAGGCGC
T A G C T A T AT T T T C A T TT G G G G C G C G A G C T G A A A A G G A AC T G A C C A A C T T TG A A A G A G G A C A GA T G A A C G GT G T A
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Cubic DNA origami structure
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4
A A T T T T C T A T T G A T T G T G A C A A A A T A A A C T T A T T C C G T G G T G T C T T T G C G T T T C T T T T A TC T G T T G C A A T G G C T G G C G G T A A T A T T G T T C T G G A T A T T A C C A G C A A G G C C G A T A G T T T G A G T T C T T C T A C T C A G G C A A G T G A T G T T A T T A C T A A T C A A A G A A G T A T T G C T A C A A C G G T T A A T T T G C G T G A T G G A C A G A C A T G T T C
TTTGTCTTTGGCGCTGGTAAACCATATG TCTTTTACTCGGTGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCG
T A C C T T C C C T C C C T C A A T C G G T T G A A T G T C G C C C TG G C A T T A A G C G C G G C G G G T G T G G TT A T A G A C G G T T T T T C G C C C T T T G A C G T T G G A G T C C A C G T T C T T T A A T A G T G G A C T C T T G T T C C A A A C T G G A A C A A C A C T C A A C C C T A T C T C GA T C T C A C T C T C C T T T G A T G C G A A T G C C A G C G T C A G A C A T C A T A T G C
TTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATT AGATACTCACCTGCATCCTGAACCCATT
T A T T C C G G G C T A T A C T T A T A T C A A C C C T C T C G A C G G C A C T T A T C C G C C T G G T A C T G A G C A A A A C C C C G C T A A T C C T A A T C C T T C T C T T G A G G A G T C T C A G C C T C T T A A T A C T T T C A T G T T T C A G A A T A A T A G G T T C C G A A A T A GC G T C G T C T G A C G C T A A A G G C A A A CG A C C T C C A A C C C C G T A A T A G C G A T G C G T
GGCTGTCTGTGGAATGCTACAGGCGTTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACATGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACC AATGATGTCGATA
G A G C C T T T T T T T T G G A G A T T T T C A A C G T G A A A A A A T T A T T A T T C G C A A T T C C T T T A G T T G T T C C T T T C T A T T C T C A C T C C G C T G A A A C T G T T G A A A G T T G T T T A G C A A A A T C C C A T A C A G A A A A T T C A T T T A C T A A C G T C T G G A A A G A C G A C A A A A C T T T A G A T C G T T A C G C T A A C T A T G A GT T A C T A A C G G T C T T G T T
AAACCGATACAATTAAAGGCTCCTTTTG CGATTAACTGCCGCAGAAACTCTTCCAGGTCACCAGTGCAGTGCTTGATAACAGGAGTCTTCCCAGGATGGCGAACAACAAGAAACTGGTTTCCGTCTTCACGGACTTCGTTGCTTTCCAGTTTAGCAATACGCTTACTCCCATCCGAGATAACACCTTCGTAATACTCACG
A A G A A A T T C A C C T C G A A A G C A A G C T G A TC T G C T C G T T G A G T T T T G A T T T T G C T G T T T C A A G C T C A A C A C G C A G T T T C C C T A C T G T T A G C G C A A T A T C C T C G T T C T C C T G G T C G C G G C G T T T G A T G T A T T G C T G G T T T C T T T C C C G T T C A T C C A G C A G T T C C A G C A C A A T C G A T G G T G T T A C C A A T T C A T G G A A A A G G T C T
TAGTCCTCAAAGCCTCTGTAGCCGTTGCTACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCTTTAACTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTT GCGTCAAATCCCCAGTCG
C G C C C A T C T A C A C C A A C G T G A C C T A T C C C A T T A C G G T C A A T C C G C C G T T T G T T C C C A C G G A G A A T C CG G G T C A A A G A T G A G T G T T T T A G T G T A T T C T T T T G C C T C T T T C G T T T T A G G T T G G T G C C T T C G T A G T G G C A T T A C G T A T T T T A C C C G T T T A A T G G A A A C T T C C T C A T G A A A A A G T C T TT C A T G C A T T G C C T G G A C C T G
ACTGGCAGATGCACGGTTACGATG CTCTGCCGCTTCACGCAGTGCCTGAGAGTTAATTTCGCTCACTTCGAACCTCTCTGTTTACTGATAAGTTCCAGATCCTCCTGGCAACTTGCACAAGTCCGACAACCCTGAACGACCAGGCGTCTTCGTTCATCTATCGGATCGCCACACTCACAACAATGAGTGCAGATATAG
C C G A T A C T G T C G T C G T C C C C T C A AC C T G G T G G T T C A G G C G G C G C A T T T T T A T T G C T G T G T T G C G C T G T A A T T C T T C T A T T T C T G A T G C T G A A T C A A T G A T G T C T G C C A T C T T T C A T T A A T C C C T G A A C T G T T G G T T A A T A C G C A T G A G G G T G A A T G C G A A T A A T A A A G C T T G G C A C T G G C C G T C G T T T T A C A A C G T C G T
GACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGG
T T G A T T A T G A A A A G A T G G C A A A C G C T A A T A A G G G G G C T A T G A C C G A A A A T G C C G A T G A A AG G G G G C A T T A A C T G T T T A T A C G G G C A C T G T T A C TA A C C T A A G C C G G A G G T T A A A A A G G T A G T C T C T C A G A C C T A T G A T T T T G A T A A A T T C A C T A T T G A C T C T T C T C A G C G T C T T A A T C T A A G C T A T C G C T A T G T T T T C A A C G G C A
TCCGGTGGTGGCTCTGGTTCCGGTGATT CAAGGCACTGACCCCGTTAAAACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGAC AAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATATAACCC AGGATTCTAAGGGAAAATTAATTAATAGCGACGAT
G C G G T T C T G A G G G T G G C G G C T C T G A G G G A G G C G G TG C T T A C T G G A A C G G T A A A T T C A G A G A C T G C G C T T T C C A T T C T G G C T T T A A T G A G G A T T T A T T T G T T T G T GC T C T T T T G C T C A G G T A A T T G A A A T G A A T A A T T C G C C T C T G C G C G A T TT T A A C T A A A A T A T A T T T GT T A C A G A A G C A A G G T T A T T C A C T C A C A T
AATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTG ATATTGATTTATGTACTGTTTCCATTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCAT
G A T A A T A A T T T T G C A C G G T A T C A G T C A T T T C T C G C A C A T T G C A G A A T G G G G A T T T G T C T T C A T T A G A C T T A T A A A C C T T C A T G G A A T A T T T G T A T G C C G A C T C T AG A A T C T T T C T A C C T G T A A T A A T G T T G T T C C G T T A G T T C GT G G T G A T T T G A C T G T C T C C G G C C T T T C T C A C C C T T T T G A A T C T T T A C C T A C A C A T
GGGCAAGTATCGTTTCCACCGTACTCGT TATCTATACCTTCATCTACATAAACACCTTCGTGATGTCTGCATGGAGACAAGACACCGGATCTGCACAACATTGAT GCTCTTACTATGCCTCGTAATTCCTTTTGGCGTTATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAACTGA TACTCAGGCATTGC
T C A T C T A T A T G T T T T G T A C A G A G AA A C G C C C A A T C T T T T T G C T C A G A C T C T A A C T C A T T G A T A C T C A T T T A T A A A C T C C T T G C A A T G T A T G T C GA C C C C T C T G G C A A A A C T T C T T T T G C A A A A G C C T C T C G C T A T T T T G G T T T T T A T C G T C G T C T G G T A A A C G A G G G T T A T G A T A G T G T TA T T A A A A T A T A T G A G G G
CCCGCCGTAGCGAGTTCAGATAAAATAAATCCCCGCGAGTGCGAGGATTGTTATGTAATATTGGGTTTAA TTTCAGCTAAACGGTATCAGCAATG GGGGGATTCAATGAATATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATT TTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGG
C G A G C T C G G T A C C C G G G G A T C C A T T C T C C T G T G A C T C G G A A G T G C A T T T A T C A T C T C C A T A A A A C A A A AT T T T G T A A A G A A A C A G T A A G A T A AA T A G T C A G G G T A A A G A C C T G A T T T T T G A T T T A T G G T C A T T C T C G T T T T C T G A A C T G T T T A A A G C A T T T G AC T T C T C C C G C A A A A G T A T T A C A G G G T C A T A A T G T T T T T G G T A C A +
ACAGCTATGACCATGATTACGAATT TACTCAACCCGATGTTTGAGTACGGTCATCATCTGACACTACAGACTCTGGCATCGCTGTGAAGGAG TTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTTCTGACTAT TTTAGCTTTATGCTCTGAGGCTTTATTG
T G A G C G G A T A A C A A T T T C A C A C A G G A AC G A A A T T C A G C A T T T T C A C A A G C G T T A T C T T T T A C A A A AT A T T C T T T T G A T T T A T A A G G G A T T T T G C C G A T T T C G G AA T G A C C T C T T A T C A A A A G G A G C A A T T A A A G G T A C T C T C T A A T C C T G A C C T G T T G G A G T T T G C T T C C G G T C T G G T T C G C TC T A A T T T T G C T A A C C G G G C
GCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTG ACCACCATCAAACAGGAT TGCATATTTAAAACATGTTGAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAA TTCTTTGCCTTGCCTGTATGATTTATTG
A C G C A A A C C G C C T C T C C C C G C G C G T T G G C C G A T T C A T T A A T G C A G C T G G C A C G A C A G G T T T C C C G A C T G G A A A G C G G G C A G T G A G CT T T C G C C T G C T G G G G C A AT C T C G T T C G C A G A A T T G G G A A T C A A C T G T T A T A T G G A A T G A A A C T T C C A G A C A C C G T A C T T T A G TG A T T T A A T G C T A C T A C T A T T A G T A G A A
ACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAAT TTGATGCCACCTTTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATGTATCTAATGGTCAAACTAAAT
C T C A A A A A T A G C T A C C C T C T C C G G C A T T A A T T T A T C A G C T A G A A C G G T T G A A T A T C A T A TT A T A A C G T A G A T T T T T C T T C C C A A C G T C C T G A C T G G T A T A A T G A G C C A G T T C T T A A A A T C G C A T A A G G T A A T T C A C A A T G A T T A A A G T T G A A A T T A A A C C A T C T C A A G C C C A A T T T A C T A C T C G T T C T G G T G T T T C T C T G A T T T
GCAATGACCTGATAGCCTTTGTAGATCT GTCAGGGCAAGCCTTATTCACTGAATGAGCAGCTTTGTTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCAAGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGTTCATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGA
G T T C A T C G A T T C T C T T G T T T G C T C C A G A C T C T C A GT T G A C C G T C T G C G C C T C G T T C C G G C T A A G T A A C A T G G A G C A G G T C G C G G A T T T C G A C A C A A T T T A T C A G G C G A T G A T A C A A A T C T C C G T T G T A C T T T G T T T C G C G C T T G G T A T A A T C GG T T G T T A C T C G C T C A C A T T T A A T G T T G A T G A A A G C T G G C T A C A G
GAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGCTTTTCTGATTATCAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTACC
T T A C G C T T T C A G G T C A G A A G G G T T C T A T C T C T G T T G G C C A G A A T G T C C C T T T T A T T A C T G G T C G T G T G A C T G G T G A A T C T G C C A A T G T A A A T A A T C C A T T T C A G A C G A T T G A G C G T C A A A A T G T A G G T A T T T C C A T G A G C G T T TT T G C C A C C T T T A T G T A T G T A T T T T C T A C G T T T G C T A A C A T A C T G C G T A A T A A G G A
TTTTTCATTTGCTGCTGGCTCTCAGCGTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTTTAATGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTATTC GTCTTAATCATGCC
A A G T C T A A T A C T T C T A A A T C C T C A A A T G T A T T A T C T A T T G A C G G C T C T A A T C T A T T A G T T G T T A G T G C T C C T A A A G A T A T T T T A G A T A A C C T T C C T C A A T T C C T T T C A A C T G T T G A T T T G C C A A C T G A C C A G A T A T T G A T T G A G G G T T T G A T A T T T G A G G T T C A G C A A G G T G A T G C T T T A G AA G T T G G T A T T C C
TTTAATACGAGTTGTCGAATTGTTTGTA GTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGTGGGTTATCTCTCTGATATTAGCGCTCATTA
T T A A A A T T A A T A A C G T T C G G G C A A A G G AC C C T C T G A C T T T G T T C A G G G T G T T C A G T T A A T T C T C C C G T C T A A T G C G C T T C C C T G T T T T T A T G T T A T T C T C T C T G T A A A G G C T G C T A T T T T C A T T T T T G A C G T T A A A C A A A A A A T C G T T T C T T A T T T G G A T T G G G A T A A A T A A T A T G G C T G T T T A T T T T G T A A C T G G C A A A
TGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAGTATAATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACTCAAACTT TTAGGCTCTGGAAAGACG
T T C T T A T T T A A C G C C T T A T T T A T C A C A C G G T C G G T A T T T C A A A C C A T T A A A T T T A G G T C A G A A G A T GT A C T T G G T A T T C A A A G C A A T C A G G C G A A T C C G T T A T T G T T T C T C C C G A T G T A A A A G G T A C T G T T A C T G T A T A T T C A T C T G A C G T T A A A C C T G A A A A T C T A C G C A A T T T C T T T A T T T CC T C G A G C G T T G G A A A T T G
GATTCCGGTGTTTA TAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACCGGATAAGCCTTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGATTCCTACGAGAAAATAAAA
T T T C T A G T A A T T A TA C G G C T T G C T T G T T C T C G A T G A G T G C G G T A C T T G G T T T A A T A C C C G T T C T T G G A A T G A T A A G G A A A G A C A G C C G A T T A T T G A T T G G T T T C T A C A T G C T C G T A A A T T A G G A T G G G A T A T T A T T T T T C T T G T T C A G G A C T T A T C T A T T G T T G A T A A A C A G G C G C G T T C T G C A T T A G C T G A A C A T G T T
GTTTATTGTCGTCGTCTGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATGATACTAAACAGGCTT
TCACAATCAATAGAAAATT TTG TATT ATAAGTT CCACGG ACA AAAG TGCAACAGATAAAAGAAACGC CAGCCAT TTACCGC ATA AACA TATCCAG CTGGTAA TTG GGCC AACTATC GAACTCA GAA AGTA TTGCCTG ACATCAC ATA AGTA ATT ATACTTCTTTG TGTAGCA TAACCGT CGCAAAT GTCTGTCCATCA
C A T A T G G T T T A CC A G C G C C A A A G A C AA A C G C T A C A G G G C G C G T A C T AG G TT G CT T T G A C G A G C A C G TA T A A C G TG C T T T C C T C G T T A GA A T C A G AG C G G G A G C T A A A C AG G A G G C CG A T T A A A G G G A T T T A G A C A GG A A C G G T A C G C C A GA A T C C T GA G A A G T GT T T T T A T A A T C A G TG A G G C C A C C G A G T A A A A G A
GATTGAGGGAGGGAAGGTA TTCAACC CGCTTAATGCGCAGGGCGACA AACCACACCCGCCG GTCTATC AAGGGCGAAAAACC AACGTCA AGAACGTGGACTCC CTATTAA GGAACAAGAGTCCA CCAGTTT GGTTGAGTGTTGTT AGGAGAGTGAGATCGAGATA GCATCAA TGACGCTGGCATTC GCATATGATGTC
A A T A T T G A C G G A A T T A T T C A T T A A AG G T G A A TT A T C A C CG T C AC C GA C T T G A GC C A T T T GG G A AT T A G A G C C A GC A A A A T CA C C AG T AG C A C C A TT A C C A T TA G C AA G GC C G G A A AC G T C A C CA A T GA A AC C A T C G AT A G C A G C A C C G T A A T C A G T A GC G A C A G A A T C A A A AT G G G T T CA G G A T G CA G G T G A G T A T C T
ATAAGTATAGCCCGGAATA GGTTGAT AGTGCCGTCGAGAG GCGGATA TTGCTCAGTACCA CGGGGT AGGATTAGGATTAG CAAGAGA AGGCTGAGACTCCT TATTAAG CTGAAACATGAAAG TATTATT CTGTAGCGCTATTTCGGAACC TCGTTTGCCTTTAGCGTCAGA TTGGAGG TACGGGG ACGCATCGCTA
G G T G T A T C A C C GT A C T C A G G A G G T T TA G T AC C GC C A C C C T C A G A A C CG C C AC C CT C A G A A C C G C C A C CC T C AG A GC C A C C A C C C T C A T TT T C AG G GA T A G C A A G C C C A A TA G G AA C CC A T G T A C C G T A A C AC T G AG T TT C G T C A C C A G T A C AA C TA C AA C G C C T G T A G C A T TC C A C A G A C A G C C C T A T C G A C A T C A T T
AAAAGGCTC TCCAAAA TCACGTTGAAAATC TTT AATT GAATTGCGAATAAT AAG ACTA AATAGAAAGGAAC GAG GAGT CAACAGTTTCAGC TTT CAAC GGGATTTTGCTAAA TAT TCTG TAGTAAATGAATTT CGT CAGA TTTTGTCGTCTTT AAG TCTA AACTCATAGTTAGCGTAACGA AACAAGACCCGTTAGT
C A A A A G G A GC C T T T A AT T G T A T CG G T T T C GT G A G T A TT A C G A A GG T G T T A TC T C G G A TG G G A G T A G C G T A TT G C T A A AC T G G A A AG C A A C G A G T C C G TG A A G A C G A A A C C AG T T T C T TG T T G T T CG C C A T C CT G G G A A GA C T C C T GT T A T C A AG C A C T G CA C T GG T GA C C TG G AA G A G T T TC T G C G G CA G T T A A T C G
GAATTTCTT TCGAGGT CTTGCTT AGATCAG AACGAGC AAAACTC ATC CAAA GAAACAG CTT TGAG TGT TGCG GGGAAAC AACAGTA GCT TTGC GAGGATA GGAGAAC CCA GCGA AAACGCC ATACATC GCA ACCA GAAAGAA TGAACGG GGA TGCT CTGGAAC GATTGTG CACCATC TTGGTAA CCATGAA AGACCTTTT
A A A C A G C T TG A T AC C GA T A G T T GC G C C G A CA A T GA C AA C A A C C AT C G C C C AC G C AT A A C C G A T A T A T T C G G TC G C TG A GG C T T G C AG G G A G T TA A A GG C CG C T T T T GC G G G A T CG T C AC C CT C A G C A GC G A A A G AC A G CA T C G G A A C G AG G G T A G CA A C GG C TA C A G A G GC T T T G A G G A C T A C GA C T G G G GA T T T G A C G C
TGTAGATGGGCG ATAGGTCACGTTGG TAATGGG CGGCGGATTGACCG GAACAAA TTGACCCCGGATTCTCCGTG TAAAACACTCATC AATACAC GAAAGAGGCAAAAG CTAAAAC ACGAAGGCACCAAC TGCCACT GGTAAAATACGTAA TTAAACG TGAGGAAGTTTCCA CAGGCAATGCATGAAAGACTTTTTCA
C A T C G T A A C C G T G C A T C T G C C A G T C TA T A T C T G C C A C T C AT T G T T G TG A G T G T G G C G A T C CG A T A G A T G A A C G A A G A C G C C TG G T C G T TC A G G G T T G T C G G A CT T G T G C AA G T T G C C A G G A G G AT C T G G A AC T T A T C A G T A A A C AG A G A G G T C G A A G T G A G C G A AA T T A A C TC T C A G G CA C T G C G TG A A G C G G C A G A G
CGACAGTATCGG GGGACGA GGTTGAG ACCACCA CGCCTG CGC AATG CAATAAA AACACAG CGC ACAG AAGAATT GAAATAG TCA AGCA TTGATTC GACATCA GCA GATG AATGAAA AGGGATT TTC ACAG TTAACCA ATGCGTA CTC CACC TCGCATT TTATTAT GCT CCAA GCCAGTG AACGACG ACGACGTTGTA
C C T C A G G A A G A T C G C A C T C C A G C C A GC T T T C C G G C A C C G C T T C T G G TC C G G A A A C C A G G C A A A G C G CC A T T C G C C A T T C A G G C T G C G CA A C T G T T G G G A A G G G C G A T C GG T G C G G G C C T C T T C G C T A T T AC G C C A G C T G G C G A A A G G G G G AT T G C T G C A A G G C G A T T A A G TT G G G T A A C G C C A G G G T T T T C C C A G T C
GCCATCTTTTCATAATCAA TTT AGCG CTTATT ATAGCCCC GTC TTCG ATGCCCCCTTTCATCGGCATT ACAGTTA CGTATAA CAGTGC GCTTAGGTTAGTAA CCG ACCT CTTTTTA AGACTAC GAG GTCT ATCATAG TATCAAA ATT GTGA GTCAATA GAGAAGA AGACGCT GATAGCTTAGATTA TGAAAACATAGC
A A T C A C C G G A A C A G A G C C A C C A C C GG A G T C A T A C A T G G C T T T T G A TG A T AC A GG A G T G T A C T G G T A AT A A G T T TT A A C G G GG T C A G T G C C T T G G G G T T A T A T A A C T A T AG T A A A TG C T G A T G C A A A T C CA A T C G C AA G A C A A A G A A C G C GA G A A A A C T T T T T A T C G T C G C TA T T A A T T A A T T T T C C C T T A G A A T C C T
CCGCCACCCTCAGAACCGC CTCAGAG GTTCCAGTAAGCACCGCCTC TCTCTGAATTTACC AGCGCAG AAGCCAGAATGGAA CTCATTA AGCACAAACAAATAAAT ATTACCTGAGCAAAAGA CATTTCA AGAGGCGAATTATT AACAAATATATTTTAGTTAAAATCGCGC CTTCTGT AACCTTG ATGTGAGTGAAT
C A C C C T C A G A G CC A C CA C CC T C AG A GC C G C C A C A G A A C CA C C AC C AG A G C C G C G C C A G CA T T GA C AG G A G G T TG A G G C A G T C A G A CG A T T G G CC T T G A T AT T A T G A T G A A A C A A C A T C A AG A A AA C AA A A T T A AT T A C A T T T A A C A A T T T C A T T TG A A T T A CC T T T T T T A A T G G A AA C A G T A CA T A A A T C A A T A T
ACCGTGCAAAATTATTATC GACTGAT GAGAAAT AATGTGC ATTCTGC GAAGACAAATCCCC GTCTAAT ATGAAGGTTTATAA ATATTCC GAGTCGGCATACAA ATTACAGGTAGAAAGATTCTA CAACATT AATCACCACGAACTAACGGA GCCGGAGACAGTCA GAGAAAG AAAGGGT AGATTCA ATGTGTAGGTA
A C G A G T A C G G T GA A A C G A T A C T T G C C A T C A A T G T T G T G C A G A T C CG G T GT C T T G T C T C C A T G C A G AC A T CA C GA A G G T G T T T A T G T AG A T GA A GG T A T A G A T A A T C A G T T G A G A TT A G G A A T A C C A C AT T C AA C TA A T G C A G A T A C A T AA C G CC A AA A G G A A T T A C G A G GC A T A G T A A G A G C G C A A T G C C T G A G T A
ATAGATGA AAAACAT AGATTGGGCGTTTCTCTGTAC GAGTCTGAGCAAAA TTA TGAG TAAATGAGTATCAA TTA GAGT ACATACATTGCAA AAGTTTTGCCAGAGGGGGTCG AAG GCAA AGCGAGAGGCTTTT AAT CCAA GACGACGATAAAAA TTTACCA ATAACACTATCATAACCCTCG CCCTCATATATTTTAA
T T A A A C C C AA T A T T A C A T A A C A AT C C T C G CA C T C G C GG G G A T T TA T T T T A T C T G A A C TC G C T A C G G C G G G C AT T G C T G AT A C C G T TT A G C T G AA A A A T A G T A A A A T GT T T A G A CT G G A T A GC G T C C A AT A C T G C GG A A T C G TC A T A A A TA T T C A T T G A A T C C CC C C C T T T A T T T C A AC G C A A G GA T A A A A AT T T T T A G A A
CGAGCTCG CGGGTAC GGATCCC AAT GGAG AGTCACA ACTTCCG TGC TAAA GAGATGA TTTATG AATTTTGT TTACATA TGTTTCT TAC ATCT TACCCTGACTATTT CTT AGGT AAAAATC ATAAATC ACC AATG AAACGAG GTTCAGA ACA TTAA AAATGCT TTGCGGGAGAAGTC AATACTT TGT ACCC AACATTATG
A A T T C G T A AT C A T G G TC A T A G C TG T C G T C G T C T T C A CA G C G A T GC C A G A G TC T G TA G TG T C A G A T G A T G A C CG T A CT C AA A C A T C GG G T T G A GT A T A T A G T C A G A A GC A A A G C GG A T TG C AT C A A A A AG A T T A A GA G G AA G CC C G A A A GA C T T C A AA T A T C G CG T T T T A AT T C G AG C T T C A A C A T A A A G CC T C A G A G C A
TTATCCGCTCA CCTGTGTGAAATTG GTGAAAATGCTGAATTTCGTT AACGCTT AAAGAATATTTTGTAAAAGAT TCCCTTATAAATCA GGCAAAA TAAGAGGTCATTTCCGAAATC ATTGCTCCTTTTGA ACCTTTA CAGGATTAGAGAGT AACAGGT CTCC CGGAAGCAAA TTAGCAAAATTAAGAGCGAACCAGAC
C A A T T C C A C A C A A C A T A C GA G C C G G A G C A T A A A G T G T A A G C C T G G G T G C C T A A T G A G TG A G C T A A C T C A C A T T A A T T G C G T T G C A TC C T G T T T G A T G G T G T T T T G C G G A T G G C T T A G A G CT T A A T T GC T G A A T A T A A T G C TG T A G C T CA A C A T G T T T T A A A T A T G C A C A T A A A T C A T A C A G GC A A G G C A A A G A A
GCGGTTTGCGT GAG GGGA GCG ACGC TCGGCC GAA TAAT CAT GCTG CGTGCCA AACCTGT GGA GTCG CTTTCCA AAGCTCACTGCCCG CAGGCG GCCCCAG TGCGAACGAGTATT CCAATTC TTC TTGA ATAACAG ATTCCAT TTC AAGT TGTCTGG ACGG TCACTAAAGT AACA ATT TAGC TAG TTCTACTAATAG
A T T G G G C G C C A G G G T G G T T T T T C T T TT C A C C A G T G A G A C G G G C A A C AG C T G A T T G C C C T T C A C C G C C TG G C C C T GA G A G A G T T G C A G C AA G C G G T C C A C G C T G G T G AT T T A G T T T G A C C A T T A G A T A C A T T C G C A A A T G G T C A A T A A C C T GT T T A G C T A T A T T T T C A T T T G GG G C G C G A G C T G A A A A G G T G G C A T C A A
GAGGGTAGCTATTTTTGAG GGA TGCC AAATTAA AGCTGAT TCT CCGT CGTTAATAATATGATATTCAA AAATCTA GGAAGA TTG GACG CAGTCAG ATTATAC CTC CTGG TTAAGAA TGCGATT TTA TACC TGTGAAT TAATCAT CTT TCAA ATT GAGATGGTTT TGGGCTT AGTAAAT AACGAGT GAGAAACACCAG
A G A T C T A C A A A G C T A T C A G G T C A T TG C T C A T A A G G G A A C C G A A C T GA C C AA C TT T G A A A G A G G A C A GA T G A A C GG T G T A C A G A C C A G GC G C A T A GG C T G G C T G A C C T T CA T C A A G AG T A A T C T T G A C A A GA A C C G G AT A T T C A T T A C C C A AA T C A A C GT A A C A A AG C T G C T CA T T C A G TG A A T A A G G C T T G C C C T G A C
AACAAGAGAATCGATGAAC TGGAGC GCAGACGGTCAACTGAGAGTC AGCCGGAACGAGGC GTTACTT GCGACCTGCTCCAT GAAATCC TGATAAATTGTGTC CATCGCC ACGGAGATTTGTAT AAGTACA CCAAGCGCGAAACA CGAGTAACAACCCCGATTATA ATGTGAG TTCATCAACATTAA CTGTAGCCAGC
G G T A A T C G T A A A C T A G C AT G T CA A T C A T A T G TA C C C C G GT T G AT A A T C A G A A AA G C C C C A A A AC A GG A A G A T TG T A T A A GC A A AT A T T T A A A T T G T A A A C GT T A A T A T T T T G T T AA A A T T C GC A T T A A AT T T T T G TT A A A T C A G C T C A T T T T T T A A C A A T A G GA A C G C C AT C A A A A AT A A T T C GC G T C T G G C C T T C
TTCTGACCTGAAAGCGTAA AGAACCC TGGCCAACAGAGAT GACATTC CCAGTAATAAAAG CACACGA GCAGATTCACCAGT TACATTG TGAAATGGATTATT AATCGTC ACATTTTGACGCTC AATACCT GGTGGCAAAAACGCTCATGG AATACATACATAAA CGTAGAA TAGCAAA AGTATGT TCCTTATTACGC
G A A T A C G T G G C AC A G A C A A T A T T T T TG A A TG G CT A T T A G T C T T T A A TG C G CG A AC T G A T A G C C C T A A A C A TC G CC A T T A A A A A T A C C GA A C GA A CC A C C A G C A G A A G A TA A A AC A GA G G T G A G G C G G T C AG T A T T A A C A C C G C C T G C A A C AG T G CC A CG C T G A G A G C C A G C AG C A A A T G A A A A A G G C A T G A T T A A G A C
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